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Abstract 
 
This thesis describes the synthesis of a range of ruthenium dihydride and hydride 
fluoride complexes and investigates their role in both stoichiometric and catalytic C-F 
bond activation. The reaction of Ru(PPh3)3(CO)H2 with excess Et3N·3HF at elevated 
temperature affords the hydride fluoride complex Ru(PPh3)3(CO)HF (1), which has 
been fully characterised by NMR and IR spectroscopy and X-ray crystallography. The 
N-heterocyclic carbene (NHC) complexes Ru(NHC)(PPh3)2(CO)HF (NHC = IMe4 (3), 
IEt2Me2 (4), IiPr2Me2 (5), ICy (6)) are formed at ambient temperature upon addition of 
an excess of the corresponding NHC ligand to 1. Complexes 3, 4 and 6 isomerise in 
solution from the trans to cis-phosphine isomers (11-13) over several weeks (relative 
rates 3 > 4 >> 6), while 5 undergoes both isomerisation and disproportionation in a 
matter of hours to yield 1, cis-Ru(IiPr2Me2)(PPh3)2(CO)HF (20) and 
Ru(IiPr2Me2)2(PPh3)(CO)HF (9). 
 
The catalytic hydrodefluorination (HDF) of hexafluorobenzene, pentafluorobenzene, 
pentafluoropyridine and octafluorotoluene with alkylsilanes was catalysed by the 
ruthenium NHC complexes Ru(NHC)(PPh3)2(CO)H2 (NHC = IMes (29) SIMes (39), 
IPr  (47), SIPr (48)). The reaction proceeds via formation of the 16-electron hydride 
fluoride species Ru(NHC)(PPh3)(CO)HF (NHC = IMes (27) SIMes  (32), IPr  (40), 
SIPr  (41)). Catalytic activity follows the order 47 > 39 > 29 > 48, with 47 able to 
catalyse the HDF of C6F5H with Et3SiH with a turnover number (TON) of up to 200 
and a turnover frequency (TOF) of up to 0.86 h-1. The catalytic reactions revealed (i) a 
novel selectivity for substitution at the 2-position in C6F5H and C5F5N, (ii) formation of 
deuterated fluoroarene products when reactions were performed in C6D6 or C6D5CD3 
and (iii) a first-order dependence on [fluoroarene] and zero-order relationship with 
respect to [R3SiH]. Mechanisms are proposed for the HDF of C6F6 and C6F5H; the 
principal difference being that the latter occurs by initial C-H rather than C-F 
activation.    
 
The ruthenium hydride fluoride complex Ru(dppp)(PPh3)(CO)HF (62), formed by 
reaction of 1 with dppp, reacted with IiPr2Me2 and IMes to give the expected complexes 
Ru(NHC)(dppp)(CO)HF (NHC = IiPr2Me2 (65), IMes (68)) as well as the C-H activated 
species Ru(NHC)’(dppp)(CO)H (NHC = IiPr2Me2 (66), IMes (67)). The formation of 
the latter products resulted from the reaction of 65 and 68 with a base (NHC or Et3N). 
vi 
Displacement of PPh3 from Ru(PPh3)(dppp)(CO)H2 (61) by IEt2Me2 yields 
Ru(IEt2Me2)(dppp)(CO)H2 (74) and the C-H activated complex 
Ru(IEt2Me2)’(dppp)(CO)H (73), with full conversion to 74 or 73 obtained upon 
treatment with dihydrogen or  trimethylvinylsilane respectively. Reaction of 61 with 
IMe4 and ICy results in the dihydride species Ru(NHC)(dppp)(CO)H2 (NHC =  IMe4 
(76), ICy (78)). The dihydride complexes Ru(NHC)(dppp)(CO)H2 (NHC =  IMes (69), 
IEt2Me2 (74),  IMe4 (76), ICy (78)) react with Et3N·3HF at room temperature to give the 
hydride fluoride complexes Ru(NHC)(dppp)(CO)HF (NHC =  IMes (68), IEt2Me2 (75),  
IMe4 (77), ICy (79)). Thermolysis of 78 with C6F6 at elevated temperature generates 79 
and Ru(ICy)(dppp)(CO)(C6F5)H (80). The related fluoroaryl complexes 
Ru(ICy)(dppp)(CO)(C6F4CF3)H (81) and Ru(ICy)(dppp)(CO)(C5F4N)H (82) are formed 
upon the room temperature C-F activation of C6F5CF3 and C5F5N by 78. Treatment of 
78 with the partially fluorinated arene C6F5H results in both C-F and C-H activation to 
give 79, 80 and Ru(ICy)(dppp)(CO)(C6F4H)H (83). Reaction of 78 with the partially 
fluorinated substrates 2,3,5,6-C6F4HCF3 and 2,3,5,6-C5F4HN at 393 K results in the 
formation of 81 and 82 respectively via C-H bond activation. 
 
Compound labels and abbreviations 
 
Compound labels 
 
The compounds labels used throughout this thesis follow a general trend. All 
compounds structurally characterised and/or discussed in detail in Chapters 2, 3 and 4 
are labelled 1-83 in chronological order. The structures are shown overleaf. All 
compounds/species discussed in Chapter 1 are labelled IC1-IC81 (for introductory 
compound) with the exception of compounds 21, 26 and 29.  
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xii 
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♣ note the exception of (Cp)’ 
 
Abbreviations-general 
 
LCAO-MO  Linear combination of atomic orbitals – molecular orbital 
RCM   Ring closing metathesis 
ROMP   Ring opening metathesis polymerisation 
TOF   Turnover frequency (TON/h) 
TON Turnover number ((moles of fluoroaromatic product(s) x by the 
number of HDF steps)/moles of catalyst)  
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1. Introduction 
 
1.1 Metal fluorides  
 
1.1.1 Overview 
 
Organometallic complexes containing fluorine ligands are of special interest in 
homogeneous catalysis, with the ability of fluorine to play a number of different roles 
leading to its increased use as a ligand or co-catalyst.1-3 Fluorine has been seen to 
increase the Lewis acidity of titanium catalysts in the conversion of silyl dienolates to 
aldehydes,2 act as a labile ligand in Buchwald’s hydroamination of encumbered 
alkenes,4 and increase the enantioselectivity in reactions such as alkene 
hydroamination,5 allylic amination,6 or the Cu catalysed conversion of dienolates to 
aldehydes.7 Unfortunately the presence of metal-fluorides has yet to be determined in 
each of these processes.8 However, a process in which M-F bonds have been observed 
is the cleavage and formation of C-F bonds (C-F activation).9  
 
The introduction of fluorinated groups into organic molecules can have dramatic effects 
on their chemical reactivity, physical properties and physiological activity. As such, 
fluorinated molecules are used in a wide number of applications within the 
agrochemical, veterinary and pharmaceutical industries, with approximately 30-40 % of 
agrochemicals and 20-30 % of pharmaceuticals containing at least one fluorine atom.10 
The C-F bond is one of the most chemically inert, thus the ability to catalytically or 
stoichiometrically activate/functionalise C-F bonds using M-F complexes is a highly 
challenging and desirable goal.  
 
Analysis of M-F bonding using stability constants and hard-soft-ligand theory suggests  
that fluoride would be a poor ligand for low-valent late transition metals.11 Fluoride is a 
hard ligand, while late transition metals in low oxidation states are soft, hence their 
combination is deemed unfavourable. While there are a large number of reports for 
metal fluoride compounds containing early transition metals,10,12-14 M-F compounds of 
the later transition metals are less prevalent. This is not solely due to their instability, 
but to the historic difficulty in finding suitable synthetic methods for introducing 
fluoride ligands.12,14,15  
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This report is focussed on the chemistry of ruthenium-fluoride complexes, and as such 
this section describes the synthesis and stability of late transition metal fluoride 
complexes of groups 8-10. Late transition metal fluorides have been shown to have 
unique properties and higher reactivity than their chloride analogues.9,16-18 An example 
of such behaviour was highlighted by Braun, upon treatment of [Ni(cod)2]/PR3 with 5-
chloro-2,4,6-trifluoropyrimidine. For PCy3, an initial C-F activation occurs to give 
Ni(PCy3)2(4-C4N2ClF2)F (IC1), which can then undergo subsequent reaction with I2 to 
release 5-chloro-2,6-difluoro-4-iodo-pyrimidine. In the case of PEt3, the reaction affords 
Ni(PEt3)2(5-C4N2F3)Cl (IC2) via a Cl cleavage and there is no further reaction with 
iodine (Figure 1).9 
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F
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I F
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o
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FF
F
NN
F
I
F F
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Figure 1 
 
Despite the widespread agreement that late transition metal fluorides are highly reactive 
species, there remains some ambiguity as to their bonding in comparison with the other 
metal halide species. This has largely been due the ‘inverse halide’ order which has 
been observed for many metal-halide complexes, and has led to discussions on whether 
fluoride is a better π-donor than the heavier halides (chloride, bromide or iodide) or if 
fluoride is a poor π-donor and that M-F properties should instead be rationalised by 
ionic bonding.  
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1.1.2 Fluoride as a strong π-donor 
 
Reports by Mayer19 and Caulton20,21 have discussed the evidence for fluoride being a 
strong π-donor. Using the LCAO-MO approach, an octahedral d6 complex of the type 
[MX6]n- will have filled t2g orbitals of the metal that interact with the t2g ligand group 
orbitals of the X6-donor set. When X is a halide the p-orbitals are full. Since this equates 
to the π-character of the M-X bond there is a π-π 4-electron repulsion. As the 
antibonding interactions are generally stronger than the corresponding bonding 
components, this 4-electron π-π interaction is destabilising and thus the stronger the 
π-donor the more destabilised the complex (Figure 2). 
 
M F M I
∆(F)
∆(I)σ∗
σ∗
σ
σ
π
π∗
π∗
π
σ∗
σ
π∗
π
Ru
X
X
X
X
X
X
 
 
Figure 2: Schematic representation of σ- and π-effects in [MX6]n-. 
 
However, the stability of metal fluorides can be increased. The vast majority of late 
transition metal complexes that contain a fluoride ligand also contain good π-acceptor 
ligands such as carbonyl or nitrosyl groups, which stabilise the M-F bond by a process 
known as push-pull interactions.20 This interaction, which was originally introduced by 
Caulton, can be rationalised by analysing the π-component of the bonding along the 
X-M-CO vector (Figure 3). The p-orbitals of the halide raise the energy of the π-metal 
orbitals, enhancing the back bonding from the metal to the carbonyl ligand, thus 
relieving the π-π 4-electron destabilisation. 
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Figure 3: Schematic representation of the push-pull interaction. 
 
1.2.3 Fluoride as a poor π-donor 
 
It has been reported by Mezzetti and Becker that instead of push-pull interactions the 
‘inverse halide’ effect can be rationalised by considering the ionic character of the M-F 
bond.8 These findings were prompted by reports of the 16-electron coordinatively 
unsaturated compounds Ir(PtBu2Ph)2H2F and [Ru(dppp)2F]+ which do not contain 
π-acceptor ligands.22,23 The formation of such complexes was rationalised by Mezzetti, 
such that if the M-F bond is ionic in character, then the electronegative fluorine reduces 
the electron density of the metal stabilising the M-F bond. Thus it was postulated that as 
opposed to push-pull interactions, it is the electron deficiency of the metal which 
stabilises the M-F bond. This same conclusion was reached by Abu-Hasanayn et al. in a 
computational study of trans-[Ir(PPh3)2(CO)F].24 They rationalised that the lower υCO 
values obtained for trans-[Ir(PPh3)2(CO)F] compared to the other halide derivatives was 
due not to push-pull interactions but to an energy mismatch of the AOs of the F- and 
Ir-atoms, which make the M-F bond essentially ionic in character. Thus, the bonding 
π-orbital of the Ir-F bond has essentially F character, whereas the π*-orbital is mostly 
localised on the Ir and thus polarised towards the CO (Figure 4). This latter effect 
enhances the overlap between the π*(CO) and the π-orbital of Ir (which has essentially 
π*-character with respect to the Ir-F bond - upper orbitals Figure 4) thus the υCO for 
trans-[Ir(PPh3)2(CO)F] is at a lower frequency. However, it should be noted, that 
calculations by Macgregor and co-workers on the dissociation of CO from complexes of 
the form [M(CO)5X]- (M = Cr, Mo or W, R = NH2, OH, H, Me or halide) concluded 
that the fluoride ligand is the strongest π-donor.25 
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Ir
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I
I
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polarised away from CO
Ir F
Ir F
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π-MO essentially p(F)
polarised away from Ir  
 
Figure 4: Schematic representation of the difference in the X-M p-d π-type interaction in 
trans-[Ir(PR3)2(CO)X] (X= F, I). 
 
1.1.4 Conclusions on the bonding of metal fluorides 
 
Due to the discrepancies within the literature it is ill advised to make definitive 
statements as to the exact nature of the M-F bond. However, stabilised late transition 
metal fluoride complexes can be seen to adopt one of three forms; (i) they include a 
strong π-acceptor ligand which gives a push-pull interaction, (ii) the complex is a π-
stabilized electron deficient cationic complex of the form [MXL4]+ (iii) the complex is 
stabilised by a bridging fluorine interaction. This has led to the more robust suggestion 
that all factors which reduce the hard/soft mismatch between the metal and the fluoride 
ligand stabilise the M-F bond.26 Thus fluoride ligands can be considered to be strong π-
donors but with the M-F bond displaying some ionic character.9,10,26-28  
 
1.2 Synthesis of late transition metal M-F complexes  
 
Historically the scarcity of late transition metal fluoride compounds in comparison with 
their larger halide derivatives was due, not only to the lack of synthetic methods 
available but also that the listed strategies are typically low-yielding.12,14,15 However, 
the development of new synthetic reagents such as Et3N·3HF and a better understanding 
of the M-F bond has helped overcome these issues.  
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1.2.1 M-F synthesis with XeF2/aHF  
 
One of the most common routes for the introduction of fluoride to a metal centre is 
oxidative fluorination using XeF2 in anhydrous HF (aHF). However, a key drawback of 
this reaction process is the requirement for Kel-F® or FEP reaction vessels and metal 
vacuum lines. The selection of starting materials is also limited due to a lack of control 
over the addition of fluoride. For example reaction of M3(CO)12 (M = Os29 or Ru30) with 
XeF2/aHF results in a number of products (Figure 5).  
Os3(CO)12
XeF2
HF
+
+ ++
* When M = Ru a similar number 
   of products are obtained
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Figure 5: Reaction products from the oxidative addition of XeF2/aHF to Os(CO)12. 
 
This can be overcome by careful selection of the starting materials, as shown by Hope 
in the clean synthesis of IC3 from reaction of cis-Os(CO)4Me2 with XeF2/aHF. 
Meanwhile, treatment of the bis-phosphine complexes M(PPh3)2(CO)3 (M = Ru, Os) 
with XeF2/aHF results in formation of the fluoroacyl complexes 
M(PPh3)2(CO)2(C(O)F)F, which then undergo subsequent thermal decomposition to 
M(PPh3)2(CO)2F2.31 XeF2/aHF can also be used in the displacement of hydride ligands. 
For example, the reaction of M(PPh3)3(CO)H2 (M = Ru, Os) with XeF2/aHF results in 
complete loss of the hydride ligands and formation of the tri-fluoro bridged dimers 
[M2(PPh3)4(CO)2(µ-F)3]+.32 
 
Vigalok and co-workers have also shown that XeF2 can be used as a source of fluoride 
in the absence of HF. Treatment of the dimethyl palladium complexes IC4 and IC5 
with XeF2 results in formation of the cis-difluoride complexes IC6 and IC7 (Figure 
6).33 A major advantage of this synthetic process is that the by-products remain in the 
gaseous phase. Furthermore, Vigalok and co-workers have reported that IC6, IC7 and 
the related complex IC8 can be formed by elimination of aryl iodides by reaction of Pd 
complexes of the form Pd(P-P)(Ar)I (IC9) with XeF2 (Figure 6).34 
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Figure 6: Formation of palladium difluoride complexes using XeF2. 
 
1.2.2 Novel M-F synthetic methods  
 
A novel method for the formation of a M-F complex involves the oxidative addition of 
NSF3 to Ir(PPh3)2(CO)Cl to form the difluorothiazyl complex IC10, which is highly 
sensitive to moisture, readily hydrolysing to the corresponding NSO complex IC11 
(Figure 7).35,36 A further novel reaction is that of nitrobenzenediazonium 
tetrafluoroborate with the hydride complex Ir(PPh3)3(CO)H. This initially results in the 
orthometallated arylhydrazido complex IC12, however, this is highly unstable and 
converts to the fluoride diazene compound [Ir(NHNC6H3-2-NO2)(PPh3)2(CO)F][BF4] 
(IC13) (Figure 7).37 
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Figure 7: Examples of novel M-F complexes using the reagents NSF3 and o-NO2C6H4N2BF4. 
 
1.2.3 M-F synthesis via halide exchange and/or metathesis  
 
Another useful route to M-F compounds is halide exchange, in which the corresponding 
metal halide species is treated with a fluorinating agent such as tetramethylammonium 
fluoride (NMe4F) or [(Me2N)3S][F2SiMe3] (TASF). For example Caulton has reported 
that repeated treatment of the ruthenium dimer [Ru(PiPr3)2HCl]2 with NMe4F yields 
[Ru(PiPr3)2HF]2,38 while TASF in the presence of AgBF4 has been reacted with 
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[Rh(C2H4)(C2F4)Cl]2 to generate [Rh(C2H4)(C2F4)F]4, which can then be reacted with 
PPh3 and CO to form Rh(PPh3)2(CO)F.39-41 
 
A further method is metathesis from a second metal fluoride derivative. Caulton has 
described the synthesis of Ru(PtBu2Me)2(CO)HF (IC15) and Ru(PiPr3)2(CO)HF (IC18) 
by reaction of Ru(PR3)2(CO)HCl (PR3 = PtBu2Me (IC14), PiPr3 (IC17)) with a large 
excess of CsF. Both IC15 and IC18 are then able to form a second fluoride species, as 
they react with Me3SiCF3 to give the fluoro-carbene complexes 
Ru(PtBu2Me)2(CO)(=CF2)HF (IC16) and Ru(PiPr3)2(CO)(=CF2)HF (IC19) respectively 
(Figure 8).42-44  
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= PiPr3 (IC18)
PR3 = PtBu2Me (IC16)
= PiPr3 (IC19)  
 
Figure 8: Synthesis of the 16-electron complexes Ru(PR3)2(CO)HF and their subsequent reaction 
with Me3SiCF3. 
 
Grushin has illustrated the use of AgF in the formation of Pd(PPh3)2(R)F (R = Ph or 
Me) (IC21) from Pd(PPh3)2(R)I (IC20).45 Interestingly, IC21 could also be synthesised 
with greater selectivity and hence better yield by treating the bridging hydroxo 
compounds [Pd(PPh3)(R)(OH)]2 (IC22) with 2/3 of an equivalent of Et3N·3HF in the 
presence of PPh3. However, it should be noted that the use of excess Et3N·3HF resulted 
in formation of the bifluoride complex Pd(Ph3P)2(R)(FHF) (IC23) (Figure 9).45,46 
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Figure 9: Possible synthetic routes to Pd(PPh3)2(R)F and the effect of the stoichiometry of Et3N·3HF 
on the reaction product. 
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1.2.4 M-F synthesis using Et3N·3HF  
 
Et3N·3HF was introduced as a fluorinating agent in 1997 and is a versatile and safe 
source of HF that limits the need for highly specialised equipment (required for 
XeF2/aHF) and can allow for greater control over fluorination reactions. Grushin has 
also noted that there are similarities in the reactivity of Et3N·3HF and aqueous HF, as 
both reagents reacted with [Rh2(PPh3)4(µ-OH)2] to give the fluoride bridged complex 
[Rh2(PPh3)4(µ-F)2]. This can then undergo further reaction with PPh3 to yield the 
fluoride congener of Wilkinson’s catalyst Rh(PPh3)3F (IC24). Alternatively, IC24 has 
also been formed via reaction of [Rh(cod)(µ-OH)]2 (IC25) with Et3N·3HF or 50 % 
aqueous HF in the presence of excess PPh3.47,48 Intriguingly, IC24 showed similar 
solid-state parameters and the same degree of phosphine dissociation in solution as 
Rh(PPh3)3Cl, but differing decomposition and reactivity towards haloarenes (e.g. in 
formation of Rh(PPh3)2(PPh2F)Cl (IC26) as shown in Figure 10).47  
 
Ru
O
O
Ru Et3N·3HF
PPh3
Rh
PPh3
Ph3P F
PPh3
353-373 K
PhCl
Rh
PPh3
FPh2P Cl
PPh3
+ Ph-Ph
(IC24)(IC25) (IC26)  
 
Figure 10: Synthesis of Rh(PPh3)3F (IC24) and subsequent reactivity towards PhCl.  
 
In addition to hydroxo complexes, metal hydride species are also susceptible to reaction 
with Et3N·3HF. Perutz and co-workers have shown that reaction of Et3N·3HF with 
dihydride complexes cis-[Ru(PR3)4H2] (IC27, R= Me, Et, nPr or nBu) gives different 
products depending on the R substituents of the phosphine ligands. The larger groups 
Et, nPr and nBu afford the rare tri-fluoro bridged complexes [Ru2(PR3)6(µ-F)3] (IC28) 
(Figure 11),28 while the smaller PMe3 yields the monomeric bifluoride complex 
cis-[Ru(PMe3)4(FHF)2] (IC29) (Figure 11).49 When the PR3 groups are replaced by the 
chelating phosphines dmpe, depe, dppe or dppp, the bifluoride fluoride complexes 
trans-[Ru(P-P)2(FHF)F] (IC30) (P-P = dmpe, depe, dppe or dppp) are obtained (Figure 
11).49 
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Figure 11: Products from the reaction of cis-Ru(PR3)4H2 with Et3N·3HF showing how the products 
are highly dependent on the phosphine ligands.  
 
1.3 C-F bond activation 
 
C-F activation by transition metals is typically observed for fluoroaromatics and 
fluoroalkenes (and less so with fluoroalkanes) with a range of extensive reviews 
covering the area.10,13,50,51 This study will focus on the activation of fluoroaromatics, a 
reaction that is usually proposed to occur via (i) oxidative/concerted addition, (ii) 
nucleophilic attack or (iii) electron transfer (Figure 12).50,52      
 
NNN F
MLn
F4 F4
FMLnF
MLnF4
(i) oxidative/concerted additon (ii) nucleophilic attack (iii) electron transfer
 
Figure 12: Reaction mechanisms for C-F bond activation by transition metal complexes. 
 
The first example of an oxidative addition reaction of a C-F bond was described by 
Fahey and Mahan in 1977 upon the activation of C6F6 by Ni(cod)(PEt3)2 to give 
trans-Ni(PEt3)2(C6F5)F.53 Originally this was only characterised by IR and elemental 
analysis due to the poor yield (7 %). It was a further 20 years before the full 
characterisation was obtained by Perutz and co-workers from the slow reaction (4 
weeks) of C6F6 with Ni(PEt3)4.54 Interestingly, when studying the activation of C5F5N 
by Ni(cod)2 in the presence of PEt3, C-F activation was achieved solely at the 2-position 
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to give Ni(PEt3)2(C5F4N)F (IC31) (Figure 13).54,55 This was in stark contrast to the C-F 
activation reactions by Pd(0),56 Pt(0)56 and Rh(I)57 species which resulted in C-F 
activation at the 4-position to give IC32-IC34 respectively (Figure 13). It is generalised 
that the C-F bond activation at the 4-position is kinetically favoured by electronic and 
steric effects, with the reaction of the electron rich metal occurring at the electron 
deficient and less sterically hindered carbon atom. Perutz and co-workers have 
rationalised that the regioselectivity at Ni (activation at the 2-position) is due to the 
reaction occurring via a concerted mechanism involving a three-centred transition state 
((i), Figure 12).52,55 
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Figure 13: C-F activation products from the reaction of C5F5N with Ni(0), Pd(0), Pt(0) and Rh(I) 
species. 
 
It is evident from the formation of IC33 and IC34 (Figure 13) that C-F bond activation 
processes do not result exclusively in M-F complexes. The formation of the platinum 
fluorophosphine complex IC33 is rationalised by a phosphine assisted oxidative 
addition mechanism, while the formation of IC34 results from either an electron 
transfer or nucleophilic addition reaction with the thermodynamic driving force being 
the formation of HF.  
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A similar thermodynamic driving force has also been observed by Perutz and 
co-workers during the reaction of the dihydride complex Ru(dmpe)2H2 (IC35) with 
C6F6, C6F5CF3, C6F5OMe, C6F5H, 1,2,3,4-C6F4H2 and 1,2,3-C6F3H3.58,59 Ru(dmpe)2H2 
was found to be highly selective for C-F bonds with all of the fluoroarenes undergoing 
exclusive C-F activation to give fluoroaryl complexes of the form 
trans-Ru(dmpe)2(ArF)H (IC36) (B, Figure 14). The mechanism for this reaction has 
been classified as an electron transfer process (A, Figure 14), with an oxidative addition 
pathway via the loss of H2 dismissed due to the geometry of the complex, and the low 
temperature of the reaction (203 K) negating H2 loss. As well as HF loss, another related 
driving force for C-F activation is the formation of a strong Si-F bond. An example was 
described by Milstein upon formation of Rh(PPh3)3(C6F5) (IC38) from the rhodium silyl 
complex Rh(PPh3)3(SiPhMe2) (IC37) and C6F6 (C, Figure 14). This reaction is also 
postulated to proceed via an electron transfer process (A, Figure 14).  
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Figure 14: C-F bond activation by Ru and Rh species by an electron transfer process. 
 
A further example of aromatic C-F activation that resulted in HF formation has been 
reported by Chan and Leong.60 The reaction of C5F5N and C6F5CN with Ir(Cp*)(CO)2 
(IC39) in the presence of water, involves a nucleophilic addition at the para C-F bond 
with the ultimate formation of the metallocarboxylic acids IC40 and IC41 respectively 
(Figure 15). 
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Figure 15: Aromatic nucleophilic addition of C5F5N and C6F5CN to Ir(Cp*)(CO)2. 
 
Another classification of C-F activation reactions is hydrodefluorination. In reactions of 
this type the activation of the C-F bond of a fluoroarene (ArF-F) is promoted by a metal 
hydride complex which generates an M-F bond and the defluorinated aryl group ArF-H. 
C-F activation reactions of fluoroarenes by this method are rare. The most prominent 
example was reported by Jones, in which Zr(Cp*)2H2 reacts with hexafluorobenzene to 
give Zr(Cp*)2HF and C6F5H. However, it should be noted that a second reaction 
pathway also takes place resulting in the fluoroaryl complex Zr(Cp*)2(C6F5)H.       
 
As well as intermolecular C-F bond activation it is also possible to promote 
intramolecular C-F activation reactions, such as those afforded by Ni and Pt in the 
formation of IC42 and IC43 (Figure 16). The C-F activation processes occur by 
utilising the redox potentials of Ni(0)/Ni(II) and Pt(II)/Pt(IV) in chelate assisted 
oxidative addition.51,61-64  
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Figure 16: Intramolecular C-F activation by Ni(0) and Pt(II) complexes. 
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1.3.1 Catalytic C-F bond activation 
 
Catalytic C-F bond activation reactions are an interesting and rapidly developing field. 
At present the vast majority of these processes result in the cross-coupling of 
fluoroaromatics or hydrodefluorination. Prominent exceptions to these processes 
include Murai’s rhodium catalysed Si-F exchange reaction between fluorobenzene and 
disilane (A, Figure 17)65 and also the amination of 2-fluoronitrobenzene by palladium 
reported by Yu (B, Figure 17).66 
NH2 F
NO2
H
N
+
CsCO2/DMF
Pd(PPh3)4, 338 K
(B)
+
Toluene, 403 K
[Rh(cod)2][BF4]
(A)
F
F
O
Me3SiSiMe3
F
SiMe3
O
+ Me3SiF
NO2
 
 
Figure 17 
 
1.3.1.1 Catalytic hydrodefluorination 
 
The first example of catalytic hydrodefluorination of a fluoroarene was reported by 
Aizenberg and Milstein in 1994. They reported that the hydrodefluorination (HDF) of 
C6F6 and C6F5H in the presence of R3SiH (R = Ph, OEt) was catalysed by the 
pentafluorophenyl complex Rh(PMe3)3(C6F5) (A, Figure 18).67 A year later, the same 
group showed that this complex would also perform catalytic HDF in the presence of 
H2. In this case the driving force of the reaction was the formation of the strong HF 
bond (which is trapped by Et3N) (B, Figure 18).68 Intriguingly, both reactions 
hydrodefluorinate C6F5H exclusively at the para C-F bond resulting in 1,2,4,5-C6F4H2. 
The mechanism of both reactions is displayed in Figure 18. Edelbach and Jones have 
also reported the HDF of C6F6 for the rhodium dihydride complex Rh(Cp*)(PMe3)H2 
under 1 atm. of H2. The HDF process is considered to occur via a very slow electron 
transfer mechanism, with a TON of 1.4 achieved after 25 days at 408 K.  
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Figure 18: Mechanism for the HDF for the C6F6 and C6F5H by Rh(PMe3)3(C6F5).  
 
More recently, Holland and co-workers have reported the use of β-diketiminate iron(II) 
hydride species to catalyse HDF of perfluoroaromatics and perfluoroalkenes (Figure 
19).27 Once again the reaction features the use of silane as the reductant, although 
intriguingly unlike Milstein’s rhodium chemistry, the iron hydride species shows no 
evidence for direct C-F bond activation in the absence of silane. This restricted 
investigation of the reaction mechanism. However, Holland and co-workers were able 
to conclude that the reaction was first order with regard to [silane] and [iron]. The 
catalytic reaction showed an increased activity to C-F bonds with greater electron 
affinity (i.e. TON of C6F5H < C6F6 < C5F5N < C6F5CF3) indicating a possible electron 
transfer mechanism. However, the addition of the radical trap DHA had little effect on 
the rate of the reaction and therefore a nucleophilic attack or concerted reaction 
mechanism cannot be dismissed. 
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R3SiHC-H
C-F
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R'
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C6F5H 1,2,4,5-C6F4H2 TON = 0.2 C6F6 TON = 2.5C6F5H
C5F5N TON = 3.62,3,5,6-C5F4HN C5F5CF3 TON = 4.52,3,5,6-C6F4HCF3
 
 
Figure 19: Reaction scheme for the HDF of fluoroarenes by Holland’s iron diketimintate species. 
 
Lastly, Braun has shown that the palladium complex Pd(PiPr3)2(C5F4N)F will 
hydrodefluorinate C5F5N to 2,3,5,6-C5F4HN in the presence of excess PiPr3. The Pd 
complex proved to be highly active with a TON of 5.2 achieved after just two hours at 
343 K. Unfortunately, it was also unstable with the formation of palladium black and 
fluorophosphoranes of the type PiPr3F2 occurring within the two hour period.69 
  
1.3.1.2 Cross-coupling reactions 
 
The vast majority of catalytic cross-coupling reactions are Kumada-Corriu, Suzuki and 
Stille type reactions that are catalysed by nickel or palladium complexes.50,70 These 
processes normally involve a coordinated phosphine complex with the majority of 
activation reactions occurring for mono-fluorinated substrates. Exceptions to this have 
have been reported by Braun in the Stille type coupling reaction of C5F5N and 
Bu3SnCH=CH2.69,71 In the presence of the Ni catalyst Ni(PEt3)2(2-C5F4N)F (IC31) 
Stille coupling of C5F5N gives 2-vinyltetrafluoropyridine. If Pd(PiPr3)2 is employed C-F 
activation occurs at the 4-position resulting in Pd(PiPr3)2(4-C5F4N)F (IC44) which 
catalyses the formation of 4-vinyltetrafluoropyridine (A, Figure 20). Furthermore, 
Braun has been able to complete the Suzuki coupling of a polyhalogenated pyrimidine, 
using the nickel catalyst Ni(PPh3)2(C4N2F2Cl)F (IC45) synthesised from Ni(cod)2 in the 
presence PPh3 (B, Figure 20).72  
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Figure 20: Metal phosphine catalysed Stille (A) and Suzuki (B) cross-coupling reactions.  
 
Recently Herrmann73 (A, Figure 21) and Inamoto74 (B, Figure 21) have shown that  the 
nickel NHC complexes IC46 and IC47 are able to promote Kumada-Corriu type 
coupling reactions of mono-fluorinated aromatics. In 2006, Radius and co-workers 
reported the first NHC catalysed Suzuki cross-coupling reaction of octafluorotoluene 
(C, Figure 21) and perfluorobiphenyl (D, Figure 21) by the nickel complex 
Ni2(IiPr2)4(cod) (IC48).75,76 
 
The advancement in synthetic methods for fluorination and the role of M-F complexes 
in catalytic C-F activation, has led to a great expansion in the number of late transition 
metal complexes containing fluoride. The majority of these contain phosphine ligands, 
with very few examples of NHC-M-F compounds reported in the literature.75-80 Yet the 
reactions above reported by Herrmann,73 Inamoto,74 and Radius,75,76 coupled with the 
ever expanding chemistry of NHCs as ligands in catalysis indicates that there is a 
plethora of interesting chemistry to be discovered in the area of NHC-M-F species and 
their role in catalytic C-F activation reactions. 
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Figure 21: Nickel NHC catalysed Kumada-Corriu (A & B) and Suzuki (C & D) cross-coupling 
reactions. 
 
1.4 N-heterocyclic carbenes 
 
1.4.1 Overview  
 
In 1960 Wanzlick et al. stated that the stability of carbenes (neutral two electron donors) 
could be increased by a special substitution pattern of the disubstituted carbon atom.81-83 
He indicated that if the substituents in the vicinal position provided π-donor/σ-acceptor 
character to ‘fill’ the p-orbital of carbenic carbon then this would stabilise the carbene 
lone pair by a negative inductive effect, reducing the electrophilicity of the carbene and 
consequently its reactivity. Various stabilised carbenes with heteroatom substituents 
have been reported,84-90 however for this report we will only consider NHCs with 
nitrogen substituents in the vicinal position. The first of these was isolated by Arduengo 
in 1991, as the sterically encumbered carbene IAd (Figure 22).91 
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N N:
 
 
Figure 22: The first isolated ‘free’ NHC, IAd. 
 
A range of different NHC motifs have been developed and reported within the literature, 
with a host of functionalisations. For example, it is possible to functionalise the 
substituents of the side-arms (R1) to incorporate a second donor ligand that can 
coordinate to a metal centre to give multi-dentate ligands.92,93 The backbone of the NHC 
(R2) can also be functionalised by saturation,94 the addition of electronegative 
substituents such as chlorine,95 the addition of alkyl or aryl substituents,96-99 or even 
complete benzulation.100 These ligands can be classified into six categories (Figure 23): 
imidazol-2-ylidenes (IC49),91,101 imidazolidin-2-ylidenes (IC50),102 tetrahydropyrimid-
2-ylidene (IC51),103 benzimidazol-2-ylidene (IC52),100 1,2,4-triazol-5-ylidene (IC53)84 
and acyclic diamino-carbenes (IC54).104  
 
N N:R
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N N
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R1 R1
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N
N NR1 R1
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R2
R2
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Figure 23: The six main sub-groups of NHCs containing nitrogen atoms in the vicinal positions. 
 
This report is focussed on the use of imidazol-2-ylidenes (IC49) and imidazolidin-2-
ylidenes (IC50) for which a general nomenclature can be used. For imidazol-2-ylidenes 
(IC49) the prefix ‘I’ is used to denote the imidazole ring, followed by the side-arm 
substituents R1 and then the backbone substituents R2. For example the imidazol-2-
ylidene IEt2Me2 has R1 = ethyl and R2 = methyl. It should be noted that when the 
backbone substituents (R2) are hydrogen atoms the R2 prefix is removed, while if the 
side-arm substituents are a cyclic or aryl group the numeric suffix is removed. i.e. ICy 
has R1 = cyclohexyl and R2 = H. Furthermore, if R1 and R2 are identical, then only R1 is 
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quoted along with the numeric suffix, i.e. IMe4 has R1 = R2 = methyl. For imidazolidin-
2-ylidenes (IC50), the prefix ‘SI’ is applied to denote a saturated imidazole ring with 
the R1 and R2 groups listed after the SI prefix. i.e. SIMes has R1 = mesityl and R2 = H, 
while SIMe2 has R1 = methyl and R2 = H.  
 
1.4.2 NHCs: A comparison with phosphines 
 
Due to their similar electronic properties many studies have compared NHCs to trialkyl 
and triaryl phosphine ligands.105-107 Initial studies described NHCs as ‘phosphine 
mimics’, however in 1999, a study by Huang et al. showed NHCs to have remarkably 
higher thermal stability than their phosphine counterparts (which suffered from P-C 
bond degradation at high temperatures).108 In the same year, calculations by Herrmann 
and co-workers on the bond dissociation energies of NHC and phosphine alkylidene 
compounds (IC55), found significantly higher bond dissociation energies for NHC than 
their phosphine counterparts again indicating greater stability (Figure 24, Table 1).109 
Such findings prompted investigations into the replacement of phosphine ligands with 
NHCs, and in turn numerous studies have now compared the electronic and steric 
parameters of phosphines and NHCs.  
 
Ru
L2
L1
CH2Cl
Cl
Ru
L1
CH2Cl
Cl
+ L2
(IC55)  
 
Figure 24: Ruthenium alkylidene complexes used to compare the BDEs for NHCs and phosphines.  
 
Ligands 
∆E for PR3
(kcal mol-1) 
∆E for NHC 
(kcal mol-1) 
L1 = L2 = PH3 18.2 - 
L1 = L2 = PMe3 27.0 - 
L1 = L2 = IH2 - 45.0 
L1 = PH3 L2 = IH2   18.7 46.9 
L1 = PMe3 L2 = IH2) 26.0 42.0 
 
Table 1: Calculated BDE for the phosphine ligands PH3 and PMe3 and the NHC ligand IH2.  
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1.4.2.1 Structure and sterics  
 
In the 1970s pioneering studies on the electronic and steric effects of phosphine ligands 
led to a remarkable increase in the development of new and improved phosphine ligands 
for catalysis. To help classify the steric parameter of phosphines the ‘cone angle’ was 
defined by Tolman, thus enabling the 3-dimensional shape/size of a phosphine to be 
measured (A, Figure 25).110 In contrast to phosphines the substituent groups are one 
bond further removed in NHCs. Therefore, as opposed to being ‘cone shaped’, NHCs 
must be considered to be more 2-dimensional in character and thus can be described as 
‘fence like’. This structural difference required a new method for the classification of 
steric parameters. It was not until 2003 when Nolan and co-workers developed their 
percentage buried volume (%VBur) method that such a classification became possible (B, 
Figure 25).111 The %VBur model describes the percentage buried volume of spherical 
space (of 3 Å radius) around the metal which is occupied by the substituents of a 
coordinated ligand. The greater the %VBur of a ligand, the more sterically demanding it 
is.  
 
P
M
(A) (B)
θ
 
 
Figure 25: Pictorial representations of the Tolman cone angle (θ, A) and %VBur (B).  
 
The %VBur given in Table 2 for a list of common phosphines and NHCs shows that the 
NHC ligands provide a more congested profile at the metal centre than 
triphenylphosphine. It can also be observed that the saturated NHCs SIMes and SIPr 
have a slightly larger %VBur than their unsaturated analogues IMes and IPr, although it 
should be noted that the system fails to quantify the potential twist of the ligand across 
the M-C bond, which could effect the steric parameters.  
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Ligand  %VBur Ligand %VBur
PH3 17 IMes 26 
PiPr3 32 SIMes 27 
PtBu3 30 IPr 29 
PCy3 26 SIPr 30 
PPh3 22 ICy 23 
 
Table 2: %VBur values for a selection of common phosphine and NHC ligands.111,112  
 
1.4.2.2 Electronics 
 
The electron donating properties of NHCs have been measured with a range of 
experimental techniques, such as measuring the υCO stretching frequencies of metal 
complexes,113,114 M-L bond dissociation energies111 and pKa values of the free 
ligands.115 In each case, the general consensus is that even the least electron donating 
NHC is still a better σ-donor than the most electron donating phosphine ligands. A 
further advantage of NHCs is that alteration of the backbone substituents can allow 
good control over the electronic properties. Examples of this are displayed in Table 3 
using theoretical pKa values calculated by Cavell.115 
 
Ligand  pKa (H2O) 
NNMe Me
MeMe
 
bis-(dimethylamino)carbene 34.0 ± 0.3 
NNMe Me
 
SI-6-Me2 33.7 ± 0.3 
IMe4 29.5 ± 0.3 
SIMe2 28.5 ± 0.4 
IMe2 27.4 ± 0.4 
IMe2Cl2 23.4 ± 0.2 
PtBu3 11.40 
PPh3 2.73 
 
Table 3: Theoretical pKa values of selected NHC and phosphine ligands. 
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1.4.3 NHCs as ligands in catalysis 
 
The strong yet tuneable electron donating ability of NHCs has led to their extensive use 
in organometallic catalysis. They have been employed in ruthenium catalysed alkene 
metathesis,108,116,117 iridium catalysed hydrogenation and hydrogen transfer,118,119 
platinum120,121 and rhodium catalysed hydrosilylation122 and palladium catalysed C-C 
bond coupling reactions.123,124  
 
Probably the most famous of all reactions for demonstrating the improved catalytic 
activity that can be afforded by NHCs is Grubbs’ alkene metathesis and ROMP/RCM 
catalysts.117 While Grubbs’ 1st generation catalyst Ru(PCy3)2(CHPh)Cl2 (IC56) (Figure 
26) is highly tolerant to functional groups and has a higher moisture and oxygen 
stability relative to the extremely sensitive molybdenum system (IC57) (Figure 26), it is 
limited to electron rich alkenes that are somewhat removed from heteroatom 
functionality.99,112,125-127 To combat this Grubbs, Nolan and Herrmann replaced a single 
PCy3 ligand with an NHC, the most successful of which was SIMes.125,128-131 The new 
2nd generation catalyst Ru(SIMes)(PPh3)(CHPh)Cl2 (IC58) (Figure 26) maintained the 
diverse functional group tolerance but allowed reaction of a wider scope of substrates, 
while also permitting lower catalyst loadings and shorter reaction times compared with 
the 1st generation catalyst IC56. Interestingly, several mechanistic investigations have 
been completed for the alkene metathesis reaction, which have found that phosphine 
dissociation is the crucial step in the reaction.132-134 However, it is not the ability of 
SIMes to promote dissociation of PCy3 that increases the activity (in fact PCy3 
dissociation is slower for IC58 than for IC56) but the ability of the NHC to stabilise the 
14-electron intermediate to bind alkene. Thus IC58 performs multiple catalytic 
turnovers before being quenched by PCy3. 
 
Ru
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Me
Pri iPr Ph
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NN
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Figure 26  
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1.4.4 The non-innocent behaviour of NHCs 
 
Despite the stabilisation and possible extra catalytic activity that can be afforded by 
NHCs it is important not to make the assumption that NHCs are purely spectator 
ligands. A relevant illustration of this is the NHC derivative of Wilkinson’s catalyst 
Rh(IMes)(PPh3)2Cl (IC59). Initially IC59 was shown to be a hydrogenation catalyst of 
nearly equal activity to Wilkinson’s catalyst Rh(PPh3)3Cl, but only upon the addition of 
PPh3.135 It later transpired that the NHC was eliminated from the rhodium centre by 
reaction with dichloromethane leaving Rh(PPh3)3Cl as the sole active species.136 
 
Furthermore, NHC complexes have been shown to partake in a range of intramolecular 
bond activation reactions,96,137-141 a prime example of which has been shown by Nolan 
and co-workers upon reaction of [M(coe)2Cl]2 (M = Rh (IC60), M = Ir (IC61)) with 
ItBu2 (Figure 27). Initially, when the reaction was completed in hexane, full conversion 
to the mono C-H activated product M(ItBu2)’(ItBu2)HCl (Rh = IC62, Ir = IC63) was 
obtained, with the complex stabilised by an agostic interaction between the metal and a 
C-H bond of the non-activated ItBu2 ligand. Intriguingly, if IC62 and IC63 were 
dissolved in benzene then a secondary C-H activation occurred at the CH3 group of the 
non-activated ItBu2 to give M(ItBu2)’2Cl (Rh = IC64, Ir = IC65). Furthermore, if 
complexes IC64 or IC65 were treated with AgPF6 in CH2Cl2 the 14-electron complexes 
[M(ItBu2)’2]+ (Rh = IC66, Ir = IC67) were obtained. Neither complex showed evidence 
for agostic interactions, with the stabilisation rationalised by donation from the filled 
π-orbital of the NHC to the empty d-orbital of the Ir or Rh.142 Thus the tendency of 
NHCs to dissociate or take part in intramolecular bond activations must be considered 
in the synthesis of M-NHC species and their applications in catalysis. 
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Figure 27: C-H activation products obtained from reaction of [M(coe)2Cl]2 with ItBu2. 
 
1.5 Study prologue 
 
1.5.1 Overview 
 
An immense area of interest for our research group is that of intra- and inter-molecular 
bond activation reactions performed by ruthenium NHC compounds and their use in 
catalysis. One of our main areas of research has centred on the reaction of tris-
phosphine complexes of the form Ru(PPh3)3(CO)HX (X = H, Cl) with NHCs, from 
which we have noted considerable differences in the reactivity of the hydride and 
chloride species with the final products highly dependent on the substituents of the 
NHC.  
 
1.5.2 Intramolecular bond activations 
 
Our initial interest in intramolecular bond activation reactions was prompted by the 
thermolysis of Ru(PPh3)3(CO)H2 (IC68) and IMes.143,144 Unsurprisingly, the reaction of 
IMes with IC68 at 353 K resulted in the mono-NHC complex Ru(IMes)(PPh3)2(CO)H2 
(29) along with minor amounts of the bis-NHC complex Ru(IMes)2(PPh3)(CO)H2 
(IC69) (which could not be isolated). However, if the reaction temperature was 
increased to 383 K then the mono-NHC complex 29 and bis-NHC complex IC69 were 
lost, with the reaction instead yielding the C-C activated product IC70 (Figure 28).143,144  
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Figure 28: Formation of mono and bis Ru-IMes dihydride complexes and subsequent C-C bond 
activation.    
 
It was then found that if IC68 was treated with the N-alkyl substituted NHCs IMe4 
IEt2Me2, IiPr2, InPr2, and ICy, the reaction proceeded to give Ru(NHC)(PPh3)2(CO)H2 
(IC71) in which the substitution of phosphine had occurred trans to hydride (Figure 
29).145-147 The bis-NHC complexes Ru(NHC)2(PPh3)(CO)H2 (IC72) (Figure 29) could 
also be formed when the reaction was repeated with a greater excess of NHC. Neither 
process resulted in products from C-C bond activation.145,147-149 Intriguingly, when IC68 
was reacted with the N-alkyl carbene IiPr2Me2 then full conversion to the C-H activated 
product Ru(IiPr2Me2)’(PPh3)2(CO)H (IC73) was observed. The dihydride product 
Ru(IiPr2Me2)(PPh3)2(CO)H2 (26) was only obtained by refluxing IC73 in the presence 
of one atmosphere of H2. Reaction of the dihydride complex 26 with hydrogen 
acceptors, such as ethene or trimethylvinylsilane results in conversion back to the C-H 
activated complex IC73 (Figure 29).145,149   
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Figure 29: Products from the reaction of N-alkyl substituted NHCs with Ru(PPh3)3(CO)H2 (IC68).  
 
The dihydride complexes Ru(IMes)(PPh3)2(CO)H2 (29) and Ru(IEt2Me2)(PPh3)2(CO)H2 
(21) are also able to undergo conversion to the C-H activated complexes 
Ru(IMes)’(PPh3)2(CO)H (IC74) and Ru(IEt2Me2)’(PPh3)2(CO)H (IC75) upon treatment 
with a hydrogen acceptor (Figure 30).143,144,149 Conversion to the dihydride complexes 
29 and 21 is achieved by reaction with one atmosphere of dihydrogen.  
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Figure 30: Interconversion of the ruthenium dihydride and C-H activated products.  
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The peculiar reactivity of IiPr2Me2 was further evident when its reactivity with 
Ru(PPh3)3(CO)HCl (IC76) was studied. Surprisingly, as opposed to forming the 
expected substitution product Ru(IiPr2Me2)(PPh3)2(CO)HCl the reaction yielded a 
mixture of three products; the C-H activated product IC73, and the C-N activation 
products Ru(C-IiPrHMe2)(PPh3)2(CO)HCl (IC77) and 
Ru(N-CIiPrHMe2)(PPh3)2(CO)HCl (IC78), with IC78 being a tautomer of IC77 (Figure 
31).150 Contrasting with this behaviour, the reaction of IC76 with the N-alkyl carbene 
IEt2Me2 resulted in the formation of Ru(IEt2Me2)(PPh3)2(CO)HCl (IC79) (Figure 
31).151 Fogg and co-workers have shown that reaction of IC76 with the N-aryl NHCs 
IMes and SIMes results in the 16-electron complexes Ru(NHC)(PPh3)(CO)HCl (NHC = 
IMes (IC80), SIMes (IC81)) (Figure 31).152  
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Figure 31: Products from the reaction of Ru(PPh3)3(CO)HCl (IC76) with N-alkyl and N-aryl 
substituted NHCs.  
 
1.5.3 Intermolecular reactions 
 
The formation of Ru(NHC)’(PPh3)2(CO)H from reaction of Ru(NHC)(PPh3)2(CO)H2 
with alkenes or ketones has led to their application as hydrogenation catalysts.149,153 In 
collaboration with Professor Jonathan Williams at the University of Bath, these 
complexes have been studied for their potential in the one-pot indirect Wittig reaction of 
alcohols via the transfer hydrogenation mechanism shown in Figure 32.149 The indirect 
Wittig reaction permits C-C bond formation from alcohol precursors, by their oxidation 
to aldehydes and subsequent reaction with Wittig reagents to give alkenes. The alkenes 
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are then reduced using the hydrogen ‘stored’ by the metal species.154,155 The use of the 
NHC ruthenium dihydride compounds (able to undergo C-H activation) was seen to 
allow considerably milder conditions than for previous species.149 Unsurprisingly the 
most active species was found to be Ru(IiPr2Me2)(PPh3)2(CO)H2 (26) which is the only 
complex to undergo direct C-H activation. 
 
Furthermore, Fogg and co-workers have demonstrated that the 16-electron complexes 
Ru(IMes)(PPh3)(CO)HCl (IC80) and Ru(SIMes)(PPh3)(CO)HCl (IC81) exhibit good 
activity as hydrogenation and ROMP catalysts, leading to their employment in the 
hydrogenation of sterically hindered trans-internal alkenes, the isomerisation of terminal 
alkenes and the polymerisation of strained cyclo-alkenes.152 
 
Overall transformation
R2
OHR1
R2
R3
R2
OR1
R2
R1
R3
C-C bond forming reaction
Oxidation Reduction
[Ru]
[RuH2]
R1
 
 
Figure 32: Reaction cycle for the indirect Wittig reaction using NHC-Ru-H2 species.  
 
1.6 Thesis synopsis  
 
This thesis describes the synthesis of ruthenium dihydride and hydride fluoride 
compounds containing N-heterocyclic carbene ligands and their applications in both 
stoichiometric and catalytic C-F bond activation reactions.  
 
Chapter 2 describes the synthesis and characterisation of Ru(PPh3)3(CO)HF and its 
subsequent reactivity towards a range of N-alkyl substituted NHCs. The structural 
properties for the 18-electron mono-NHC species are compared, and the observation of 
isomerisation/disproportionation behaviour in solution is discussed.  
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Chapter 3 describes the synthesis of a range of 16-electron hydride fluoride complexes 
containing N-aryl substituted N-heterocyclic carbene ligands, and their interconversion 
with the subsequent 18-electron dihydride species. The structural and solution 
behaviour of the compounds are compared and discussed. The application of these 
compounds as catalysts for the hydrodefluorination of sp2-hybridised C-F bonds is 
highlighted along with an investigation into the mechanistic process.  
 
Chapter 4 describes the synthesis of N-aryl and N-alkyl substituted NHC dihydride and 
hydride fluoride compounds containing the chelating phosphine ligand 
1,3-bis(diphenylphosphino)propane. The structural and solution properties are 
compared for both the dihydride and hydride fluoride species. The 
1,3-dicyclohexylimidazol-2-ylidene dihydride complex is used to synthesize a range of 
ruthenium coordinated fluoroaryl complexes via C-H and C-F bond activations. A 
comparison of their solid-state characteristics is provided, along with a preliminary 
investigation into their applications in catalytic hydrodefluorination.    
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Chapter 2  N-alkyl NHC chemistry 
2. Ru(PPh3)3(CO)HF and synthesis of the N-alkyl NHC 
complexes Ru(NHC)(PPh3)2(CO)HF 
 
2.1 Ru(PPh3)3(CO)HF 
 
2.1.1 Introduction 
 
Prior to this report the synthesis of Ru(PPh3)3(CO)HF was unknown. A preliminary 
search of the literature found that the reaction of Ru(PPh3)3(CO)H2 with anhydrous HF 
led to the formation of the cationic fluoride bridged dimer [Ru2(PPh3)4(CO)2(µ-F)3]+.1 
Other literature reports have shown that the fluorinating agent Et3N·3HF is a mild form 
of HF and can allow greater control in the addition of fluorine to a metal centre.2-10 This 
therefore implied to us that the use of Et3N·3HF with Ru(PPh3)3(CO)H2 may lead to the 
formation of Ru(PPh3)3(CO)HF. 
 
2.1.2 Synthesis of Ru(PPh3)3(CO)HF (1) 
 
Initial attempts found that even after a number of days at room temperature there was no 
reaction between Ru(PPh3)3(CO)H2 and Et3N·3HF. However upon heating 
Ru(PPh3)3(CO)H2 with one equivalent of Et3N·3HF in THF at 323 K for 16 h, a new 
hydride signal with doublet of triplets multiplicity was observed at δ -5.42 
corresponding to Ru(PPh3)3(CO)HF (1) in the 1H NMR spectrum. The hydride peak 
integrated in a ratio of 1:5 to the starting material; repeating the reaction at an increased 
temperature of 343 K resulted in an increase in the amount of 1 obtained, but despite 
adding a further 2 equivalents of Et3N·3HF and prolonged heating at 343 K for a 
number of days, the ratio of 1 to Ru(PPh3)3(CO)H2 could not be increased past 1:1. It 
was only upon increasing the temperature to 358 K and using 3 equivalents of Et3N·3HF 
that complete conversion was achieved. Upon standing, excess Et3N·3HF separated 
from the reaction mixture as a distinct layer, and was removed by decantation. 
Anhydrous CsF was added to the reaction mixture to remove residual Et3N·3HF. This 
was then filtered, and Et2O added resulting in the precipitation of 1 as a white solid in 
55 % yield.  
 
Initial analysis by NMR found the hydride signal at δ -5.42 had 31P couplings of 25.2 
and 112.5 Hz consistent with cis and trans P-Ru-H splittings. The 1H{31P} NMR 
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spectrum yielded a singlet resonance indicating no coupling to other nuclei. The 
31P{1H} NMR spectrum consisted of two multiplets at δ 18.7 and 39.5. A 1H-31P{1H} 
HMQC experiment showed that the two multiplet phosphine signals coupled as 
expected to the hydride signal at δ -5.42 (Figure 1). Initially no Ru-F resonance was 
detectable at 298 K and it was only upon cooling to 233 K that a broad singlet was 
observed at δ -380.6 consistent with a fluoride ligand bound to a coordinatively 
saturated ruthenium centre.11 A subsequent 1H-19F HMBC NMR experiment proved a 
correlation between the fluoride and hydride resonances confirming their presence in 
the same molecule (Figure 1). This suggests that failure to see any 19F coupling on the 
hydride signal is due to the coupling being within the line width of the signal (∆υ1/2 = 
13.7 Hz).  
 
Figure 1: 31P{1H}-1H HMQC and 1H-19F HMBC NMR spectra for Ru(PPh3)3(CO)HF (1)  
(C6D6, 400 MHz, 298 K). 
 
Interestingly, dissolution of 1 in C6D6 in the presence of CsF led to a shift in the 1H 
NMR hydride signal to δ -5.05 although 19F coupling was still not observed. The Ru-F 
signal in the 19F NMR spectrum was also shifted to δ -385.1, however this was now 
resolved as a quartet (JFP = 23.5 Hz). It is believed that the broadening arises from 
hydrogen bonding with adventitious moisture or HF. Addition of CsF helps to prevent 
the hydrogen bonding and reduces broadening in the spectra. 
 
X-ray quality crystals of 1 were obtained from THF/hexane. The molecular structure 
shown in Figure 2 is analogous to the hydride chloride complex Ru(PPh3)3(CO)HCl,12,13 
in which the halide ligand is trans to the carbonyl ligand. The length of the Ru-CO bond 
shows very little variation between the fluoride and chloride structures (1.819(3) Å vs. 
1.837(6) Å14 respectively). The structure displays a distorted octahedral geometry, with 
a trans P-Ru-P angle of 150.13(2)°, again comparable with that of Ru(PPh3)3(CO)HCl 
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(154.02(4)°)14 and also the related dihydride complex Ru(PPh3)3(CO)H2 (147.86(2)°).15 
The Ru-F distance (2.0986(15) Å) is ca. 0.08 Å longer than in either 
Ru(IMes)2(CO)2HF (2.019(5) Å)16 or Ru(PPh3)2(CO)2F2 (2.011(4) Å)17 although direct 
comparison and comment is difficult due to the effect of the additional carbonyl ligand. 
As expected from the difference in the atomic radii, comparison between the Ru-F bond 
and the Ru-Cl bond of Ru(PPh3)3(CO)HCl (2.452 (2) Å)14 shows that the Ru-F bond is 
significantly shorter (ca. 0.3 Å).18 A list of relevant bond lengths and angles for 1 is 
shown in Table 1. 
 
Figure 2: Molecular structure of 1. Thermal ellipsoids are represented at the 30% probability level. 
Hydrogen atoms (except Ru-H) and solvent have been omitted for clarity.  
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.819(3) Ru(1)-F(1) 2.0986(15) 
Ru(1)-P(3) 2.3462(5) Ru(1)-P(1) 2.3608(5) 
Ru(1)-P(2) 2.4422(5) C(1)-O(1) 1.160(3) 
    
Bond Angles (°)    
C(1)-Ru(1)-P(1) 98.04(8) P(1)-Ru(1)-P(3) 150.13(2) 
C(1)-Ru(1)-P(2) 88.76(8) P(1)-Ru(1)-P(2) 102.40(2) 
C(1)-Ru(1)-P(3) 97.02(8) P(2)-Ru(1)-P(3) 103.579(19)
C(1)-Ru(1)-F(1) 177.94(11) F(1)-Ru(1)-H(1) 87.9(8) 
 
Table 1: Selected bond lengths (Å) and angles (°) for Ru(PPh3)3(CO)HF (1). 
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The IR spectrum of 1 shows a distinct carbonyl absorption band at 1917 cm-1. As 
expected due to the strong π–donor ability of the fluoride ligand this is at a lower 
frequency than υCO in Ru(PPh3)3(CO)HCl (1920 cm-1),13 Ru(P-P)(PPh3)(CO)HCl 
(dppm/dppp/dppb/dppf, 1920 cm-1; dppe 1925 cm-1)19 or the hydride bromide derivative 
Ru(PPh3)3(CO)HBr (1950 cm-1).20  
 
2.1.3 Reaction of Ru(PPh3)3(CO)HF (1) with small molecules 
 
Complex 1 undergoes reaction with CO at room temperature in benzene resulting in the 
loss of PPh3 and precipitation of Ru(PPh3)2(CO)2HF (2) as a white solid (Figure 3). This 
displayed a doublet at δ 38.4 (JPF = 20.6 Hz) in the 31P{1H} NMR spectrum, and doublet 
of triplets hydride signal at δ -2.58 in the 1H NMR spectrum. The frequency of the 
hydride signal is comparable to that for the analogous complex Ru(PtBu2Me)2(CO)2HF 
(δ -4.16) synthesised by Caulton and co-workers,21 and complexes 31, 34, 45 and 46 
(Chapter 3). The coupling constants are consistent with the hydride being cis to two 
equivalent phosphine ligands (JHP = 20.3 Hz) and a single fluoride ligand (JHF = 8.2 Hz). 
The 19F NMR spectrum contained a broad singlet at δ -417.3, with a 1H-19F HMBC 
experiment confirming the coupling between the hydride and fluoride resonances. 
 
Ph3P
PPh3
Ru
OC H
F
PPh3
OC
PPh3
Ru
OC H
F
PPh3
(1) (2)
1 atm. CO
1 h, 298 K
 
Figure 3  
 
Analysis of the IR spectrum of 2 showed two carbonyl absorption bands (2029 and 
1985 cm-1), which are at a lower frequency than the analogous hydride chloride 
complex Ru(PPh3)2(CO)2HCl (2042 and 1982 cm-1),22 again consistent with the higher 
π-donor ability of fluoride. 
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2.2 Reaction of Ru(PPh3)3(CO)HF with N-alkyl substituted NHCs 
 
2.2.1 Introduction 
 
Previous work within the Whittlesey group has shown that Ru(PPh3)3(CO)HCl reacts 
with IEt2Me2 to give the phosphine substitution product Ru(IEt2Me2)(PPh3)2(CO)HCl 
(IC79) (Chapter 1, Figure 31),23 while reaction of Ru(PPh3)3(CO)HCl with IiPr2Me2 
results in a mixture of four products; Ru(PPh3)3(CO)H2, the C-H activated carbene 
product Ru(IiPr2Me2)’(PPh3)2(CO)H (IC73),24 the C-N activated complex  
Ru(C-IiPrHMe2)(PPh3)2(CO)H (IC77) and the N-bound tautomeric imidazole 
compound Ru(N-CIiPrHMe2)(PPh3)2(CO)HCl (IC78) (Chapter 1, Figure 31).23,25 Work 
by Grushin et al. has shown that while the fluoride congener of Wilkinson’s catalyst 
exhibits similar solid state parameters and the same degree of phosphine exchange in 
solution to Rh(PPh3)3Cl, it has a vastly different decomposition pathway.26,27 It was 
therefore decided to investigate the reaction of Ru(PPh3)3(CO)HF (1) with a range of N-
alkyl substituted NHC ligands, to observe the similarities and differences in reactivity to 
Ru(PPh3)3(CO)HCl.  
 
2.2.2 Ru(NHC)(PPh3)2(CO)HF + NHC (NHC = IMe4, IEt2Me2, IiPr2Me2, ICy) 
 
The synthesis of Ru(NHC)(PPh3)2(CO)HF (3-6) follows the same procedure for 
IMe4 (3), IEt2Me2 (4) and IiPr2Me2 (5), whilst  the synthesis of 
Ru(ICy)(PPh3)2(CO)HF (6) requires minor alterations that will be highlighted at the 
relevant juncture. Only the synthesis and characterisation of complex 3 will be 
discussed in detail. A dispersion of Ru(PPh3)3(CO)HF (1) and 1.5 equivalents of IMe4, 
were combined in toluene at room temperature. Although 1 is only sparingly soluble, 
after a period of 3-5 minutes the reaction mixture became clear and after a further 5 
minutes precipitation of a white solid could be seen at the bottom of the reaction vessel. 
The reaction was left for 1 hour and then filtered to isolate the white precipitate.28,29
 
1H NMR analysis of the white solid in CDCl3 indicated complete disappearance of the 
hydride signals for 1, and the occurrence of a single doublet of triplets hydride signal at 
δ -5.90 arising from Ru(IMe4)(PPh3)2(CO)HF (3). 31P decoupling of the hydride region 
gave just a doublet signal (JHF = 4.4 Hz) indicating the loss of coupling to two 
equivalent phosphines, while the 1H{19F} spectrum afforded a sharp triplet with a 
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coupling of 22.5 Hz to two equivalent phosphines cis to the hydride. The 31P{1H} NMR 
spectrum displayed a doublet resonance at δ 43.6 with coupling of 25.8 Hz to a single 
fluorine nucleus, while the 19F NMR spectrum contained a triplet resonance at δ -343.7 
(JFP = 25.8 Hz) (NB. We assume the 19F-1H (hydride) coupling is lost in the line width 
of the somewhat broad Ru-F signal).  
 
The hydride chemical shifts for complexes 3-6 combined with the magnitude of the JHP 
and JHF couplings implies (see Table 2) incorporation of the carbene ligand trans to 
hydride, indicating that the ligand orientation of Ru(NHC)(PPh3)2(CO)HF (3-6) (see 
Figure 4 for ligand orientation) is different to that of the chloride complexes 
Ru(IEt2Me2)(PPh3)2(CO)HCl (IC79)23 and Ru(IMe4)(PPh3)2(CO)HCl (10) (see Figure 5 
for ligand orientation). This was not unexpected as the ligand arrangement allows for 
stabilisation of the fluoride through a favourable push-pull interaction with the CO.21  
 
Ru(PPh3)3(CO)HF Ru
NHC
OC H
F
PPh3
PPh3
Toluene, 298 K
1.5 eq. IMe4, IEt2Me2, IiPr2Me2 or ICy (3-6)
 
Figure 4 
 
Interestingly, after 16 hours in CDCl3, the 1H spectrum of 3 indicated that the fluoride 
ligand was being displaced by a chloride, with subsequent ligand rearrangement to give 
Ru(IMe4)(PPh3)2(CO)HCl (10) (Figure 5).30 Full conversion to the chloride species 10 
was obtained within 3 days. The identity of 10 was confirmed by comparison with 
IC79, as 10 displayed a hydride signal at δ -15.31 (δ -14.31 for IC79) and a singlet at 
δ 50.0 in the 31P{1H} spectrum (δ 45.3 for IC79), with no Ru-F resonance observable 
between δ -200 and -500 in the 19F spectrum.  
 
Ru
OC H
F
PPh3
PPh3
N
N
298 K, 3 days
Ru
H CO
Cl
PPh3
PPh3
N
N
CDCl3
(3) (10)
 
Figure 5 
 
Analysis of the toluene filtrates upon the formation of 3-5 displayed four hydride 
resonances by 1H NMR spectroscopy; two from Ru(PPh3)3(CO)H2, one from 
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Ru(NHC)(PPh3)2(CO)HF (3-5) and one from Ru(NHC)2(PPh3)(CO)HF (7-9) (IMe4 = 
δ -5.83 (7), IEt2Me2 = δ -6.32 (8), IiPr2Me2 = δ -7.07 (9)). No formation of the bis-NHC 
complex Ru(ICy)2(PPh3)(CO)HF was seen during the synthesis of  
Ru(ICy)(PPh3)2(CO)HF (6).29 The hydride signals for 7-9 all have doublet of doublets 
multiplicity arising from cis-phosphine and cis-fluorine couplings. 1H-31P{1H} HMQC 
experiments confirmed a correlation between the hydride signals and the doublet 
phosphorus resonances for all three species (7 = δ 46.1, 8 = δ 46.9, 9 = δ 44.4), while the 
19F NMR spectra displayed broad singlet resonances (7 = δ -329.2, 8 = δ -328.4, 
9 = δ -319.4) with correlation to the hydride signals provided by 1H-19F HMBC 
experiments. Confirmation of the formation of 7 was provided by treating an isolated 
sample of Ru(IMe4)(PPh3)2(CO)HF (3) with an extra equivalent of IMe4, which resulted 
in depletion of the hydride signal for 3 and conversion to Ru(IMe4)2(PPh3)(CO)HF (7) 
(Figure 6). Unfortunately repeated attempts to isolate 7-9 from residual free carbene 
proved unsuccessful due to the high solubility of both the complexes and carbene in 
hexane, even at 243 K.  
Ru
OC H
F
PPh3
PPh3
N
N
Toluene, 298 K
IMe4
Ru
OC H
F
PPh3
N
N
NN
(3) (7)
 
Figure 6 
 
In contrast to the reactivity of Ru(PPh3)3(CO)HCl with IiPr2Me2 noted earlier, neither 
the solid precipitate nor the toluene solutions showed any evidence for products formed 
via C-H or C-N bond activations.23,25 Attempts to induce C-H or C-N bond activation 
with 5 were unsuccessful. Heating a benzene solution of 5 at 323 or 343 K resulted in 
isomerisation and disproportionation (see section 2.2.7), while heating a toluene 
solution of Ru(PPh3)3(CO)HF (1) with IiPr2Me2 encouraged the formation of 
Ru(IiPr2Me2)2(PPh3)(CO)HF (9). 
 
2.2.3 NMR and IR characterisation of Ru(NHC)(PPh3)2(CO)HF (3-6) 
 
Due to the decomposition of compounds 3-6 in CDCl3 further analysis of the complexes 
was carried out in C6D6. In all cases, 1H NMR spectra indicated restricted rotation about 
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the ruthenium carbene bond.31,32 In the case of 3 this was highlighted by the appearance 
of four methyl resonances. As confirmed by the X-ray data (see section 2.2.4) the 
N-CNHC-N plane is not parallel to the P-Ru-P axis, and consequently the two sidearm 
methyl resonances are in different environments with one experiencing a closer contact 
to the fluoride ligand. As a consequence, the 2-D 1H-19F HOESY spectrum affords a 
selective NOE contact from the fluoride ligand to this methyl group and the ortho-
protons of a triphenylphosphine (Figure 7).33 
 
 
Ortho 4 
1 
Ru
OC H
F
PPh3
PPh3
N
N
1
2
3
4
-353 
19F 
-354 
ppm 
Figure 7: 1H-19F HOESY spectrum of Ru(IMe4)(PPh3)2(CO)HF (3) showing a selective NOE contact 
to one NHC methyl group as well as the ortho protons of the PPh3 (C6D6, 400 MHz, 298 K). 33  
 
A similar through space interaction to the fluoride is seen on one of the CH2 groups in 
the IEt2Me2 ligand of 4 and to one of the CH resonances of the IiPr2Me2 ligand of 5. In 
both cases correlations to the ortho-protons of a triphenylphosphine are also seen. 
Compound 6 meanwhile shows a through space correlation between the fluoride and the 
ortho-protons of the PPh3 group, but no through space interaction to either the CH or 
CH2 protons of the cyclohexyl side-arms.  
 
The 13C{1H} NMR spectrum for 3 displayed resonances at δ 208.3 and 188.9 for the 
carbonyl and carbenic carbons, with full spectral assignment provided by a combination 
of 1H-13C{1H} HMBC and HMQC experiments. As expected these signals arise in the 
region expected for an 18-electron ruthenium complex.16,24,34-36 The carbonyl carbon 
resonance appeared as a doublet of triplets with a C-F coupling of 64.0 Hz suggestive of 
a two bond trans coupling, while the carbenic carbon appeared as a broad triplet with no 
resolvable 19F coupling.  
8.0 7.0 3.0 ppm1H 
  43 
Chapter 2  N-alkyl NHC chemistry 
Complex 
1H Ru-H 
(δ) 
JHP  
(Hz) 
JHF 
(Hz)
19F Ru-F 
(δ) 
JFP 
(Hz) 
31P{1H} 
(δ) 
JPF 
(Hz) 
υCO  
(cm-1)
(3) 
NHC = IMe4
-5.19 (dt) 22.5 4.4 -353.3 (t) 25.8 44.8 (d) 25.8 1888 
(4) 
NHC = IEt2Me2
-6.07 (dt) 22.5 4.4 -363.0 (t) 25.8 45.3 (d) 25.8 1891 
(5) 
NHC = IiPr2Me2
-5.94 (dt) 25.6 4.8 -355.6 (m) - 40.5 (d) 27.6 1900 
(6) 
NHC = ICy 
-5.46 (dt) 25.2 4.4 -336.6 (t) 27.5 40.5(d) 27.5 1912 
 
Table 2: Selected 1H, 19F and 31P{1H} NMR and IR data for Ru(NHC)(PPh3)2(CO)HF (3-6). 
 
Analysis of the carbonyl stretching frequencies of complexes 2-6 (Table 2) confirms the 
greater σ-donation afforded by NHCs compared with phosphines as all four complexes 
have υCO values at a lower frequency than 1 (υCO = 1917 cm-1). The υCO values imply 
that there is a general trend between the donor ability of the carbene and the size of the 
side-arm substituents, i.e. IMe4 is more electron donating than IEt2Me2 > IiPr2Me2 > 
ICy. This contrasts with previous data, where analysis of the complexes 
Ru(NHC)(PPh3)2(CO)H2 gave the same carbonyl stretching frequency for IMe4 and 
IiPr2Me2 (υCO = 1917 cm-1).34,36 There are however discrepancies in correlating 
σ-donation with υCO; Nolan has reported that for Ni(NHC)(CO)3, NHCs with alkyl 
substituents are more electron donating (υCO, IMes: 2051, 1969 cm-1; ICy: 2050, 
1965 cm-1),37 while work by Haynes on trans-Rh(NHC)2(CO)I found a contrasting 
relationship, with N-aryl substituted carbenes yielding lower carbonyl stretching 
frequencies (υCO, IMes: 1937 cm-1; IMe2: 1943 cm-1).38 
 
2.2.4 Solid-state structures of Ru(NHC)(PPh3)2(CO)HF (3, 4 and 6) 
 
Crystals of 3 and 4 suitable for study by X-ray crystallography were produced upon 
warming concentrated benzene solutions, layering at ambient temperature with hexane 
and allowing slow diffusion. Crystals of 6 were formed in a similar manner except as 
the complex is fully soluble in benzene, warming of the solution was not required. 
Despite repeated attempts it was not possible to obtain crystals of 5 due to the solution 
reactivity of the complex (see section 2.2.7). The molecular structures for 3, 4 and 6 
(Figure 9, Figure 10, Figure 11 respectively) show a distorted octahedral geometry at 
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the ruthenium centre with the trans-phosphorus ligands tilted towards the hydride 
(P-Ru-P angles: 3 = 164.189(15)°; 4 = 168.21(4)°; 6 = 161.94(3)°), a feature which is 
also seen in Ru(PPh3)3(CO)HF (1) and Ru(PPh3)3(CO)H2.15 Compound 4 sits on a 
2-fold crystallographic rotation axis with a 1:1 disorder seen over the OC-Ru-F bonds, 
while 6 also shows disorder over the carbonyl and fluoride region, but in a 78:22 ratio 
with bond distances restrained to be similar for the partial Ru-F, Ru-CO, and C-O 
fragments. Due to this disorder any discussion of the Ru-F and Ru-CO distances for 4 
and 6 is impractical, although it is worth noting that for 3, the Ru-F distance 
(2.0887(9) Å) is shorter than in 1 (2.0986(15) Å). Interestingly this difference in Ru-F 
bond lengths is not accompanied by changes to the Ru-CO and C-O bond distances, 
which are similar in 3 (Ru-CO = 1.8144(16) Å, C-O = 1.160(2) Å) and 1 (Ru-CO = 
1.819(3) Å, C-O = 1.160(3) Å). Comparison of the Ru-CNHC bond lengths in 3, 4 and 6 
reveals that the Ru-CNHC bond is significantly shorter in 3 (2.1702(16) Å) than in either 
4 (2.196(4) Å) or 6 (2.192(3) Å). This is not surprising as IMe4 is the least sterically 
encumbered carbene, and also as discussed previously, the best σ-donor. Analysis of the 
orientation of the phosphine ligands relative to the carbene revealed little variation in 
ligand arrangement for each complex, with the 5-membered NHC ring sandwiched 
between one phenyl ring from each triphenylphosphine ligand. This is shown in the 
space filling model for 3 (Figure 8). The closest distances from the mean NHC ring 
plane to the carbon atoms in each flanking arene are 3.01 and 3.04 Å in 3, 3.11 and 
3.11 Å in 4 and 3.17 and 3.21 Å in 6, suggesting the presence of π-π interactions39 for 
all three compounds and broadly reflecting the steric trends of the carbene substituents 
in each case. 
 
 
 
Figure 8: Space-filling plot of Ru(IMe4)(PPh3)2(CO)HF (3), viewed along the C3-Ru1-C4 bisector, to 
illustrate the solid-state structural sandwiching of the NHC moiety by one phenyl group from each 
triphenylphosphine ligand. Relevant carbon atoms are highlighted in black. 
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Selected bond lengths (Å) and angles (°)
Ru(1)-P(2) = 2.3434(4) 
Ru(1)-P(2) = 2.3499(4) 
Ru(1)-C(1) = 1.8144(16) 
Ru(1)-C(2) = 2.1702(16) 
Ru(1)-F(1) = 2.0887(9) 
P(1)-Ru(1)-P(2) = 164.189(15) 
F(1)-Ru(1)-C(1) = 175.62(6) 
 
 
 
 
 
 
  Figure 9: Molecular structure of Ru(IMe4)(PPh3)2(CO)HF (3). Thermal ellipsoids are 
represented at the 30 % probability level. Carbon-bound hydrogen atoms and disordered 
solvent have been omitted for clarity.   
Selected bond lengths (Å) and angles (°)
 
Selected bond lengths (Å) and angles (°)
 
Ru(1)-P(1) = 2.3540(7) 
Ru(1)-C(1) = 1.944(5)  
Ru(1)-C(2) = 2.196(4) 
Ru(1)-F(1) = 1.976(5)  
P(1)-Ru(1)-P(1) = 168.21(4) 
F(1)-Ru(1)-C(1) = 174.7(8) 
 
Ru(1)-P(2) = 2.3534(8)  
Ru(1)-P(3) = 2.3497(8)  
Ru(1)-C(1) = 1.851(5)  
Ru(1)-C(2) = 2.192(3)  
Ru(1)-F(1) = 2.021(2)  
P(2)-Ru(1)-P(3) = 161.94(3) 
F(1)-Ru(1)-C(1) = 176.9(4) 
Figure 11: Molecular structure of Ru(ICy)(PPh ) (CO)HF (6). Thermal ellipsoids are 
 3 2  
represented at the 30 % probability level. Carbon-bound hydrogen atoms and the minor
disordered component have been omitted for clarity.  Figure 10: Molecular structure of Ru(IEt2Me2)(PPh3)2(CO)HF (4). Thermal ellipsoids are 
represented at the 30 % probability level. Carbon-bound hydrogen atoms and disordered 
components have been omitted for clarity. Atoms labelled with a prime are related to those in
the asymmetric unit by the symmetry operation x, y, 1/2 z.   46 
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2.2.6 Solution behaviour of Ru(NHC)(PPh3)2(CO)HF (3, 4 and 6) 
 
Ru
OC H
F
PPh3
PPh3
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Ru
Ph3P
OC H
F
PPh3
N
N
R1
R1
R2
R2
NNR1 R1
R2 R2
THF-d8
(11, 12, 13)(3, 4, 6)
 
Figure 12 
 
When left in THF-d8 it was observed that complexes 3, 4 and 6 underwent slow, but 
clean, isomerisation to their corresponding cis-phosphine isomers, 11-13 respectively 
(Figure 12). This process occurred over a period of 1-2 weeks with the rate of 
isomerisation in the order 3 > 4 >> 6. The hydride signal for the IMe4 complex 11 
appeared as a doublet of doublets of doublets at δ -6.41 with trans (JHP = 128.2 Hz) and 
cis (JHP = 23.7 Hz) phosphine couplings, and a smaller coupling to the fluoride of JHF = 
5.0 Hz. The 31P{1H} NMR spectrum of 11 showed two resonances, a doublet of 
doublets at δ 23.6 (JPP = 17.2 Hz, JPF = 55.9 Hz) and a triplet at δ 42.4 (JPP = JPF = 16.2 
Hz). The 19F spectrum displayed a broad doublet at -347.6 with a single phosphorus 
coupling of 55.9 Hz observed; the coupling to the second phosphine is presumably lost 
in the line-width of the signal (∆υ1/2 = 20.1 Hz). Similar spectral details were also 
observed for 12 and 13. Isomerisation of 3, 4, and 6 were also observed in benzene-d6 
however the process did not occur as cleanly as in THF.  
 
In an attempt to probe the isomerisation process, a range of mechanistic experiments 
were undertaken. The most feasible mechanism involves the dissociation of a phosphine 
ligand to leave an unsaturated ruthenium centre, which can then undergo ligand 
rearrangement followed by re-association of PPh3. In fact, analysis of the 31P{1H} NMR 
spectra for 3, 4 and 6 found that after a prolonged period in THF-d8 there was evidence 
for free PPh3. In contrast, addition of an excess of PPh3 to solutions of 3, 4 or 6 failed to 
prevent the isomerisation occurring, while attempts to observe direct phosphine 
exchange by addition of 10 equivalents of P(p-tolyl)3 resulted in no incorporation of  the 
P(p-tolyl)3 being observed. Indirect evidence to support phosphine loss is provided by 
the observation that the mono-NHC compounds 3 and 4 will react with an extra 
equivalent of NHC at room temperature to generate the bis-NHC complexes 7 and 8 
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respectively. It was also found that placing a solution of 3 under CO resulted in 
displacement of a PPh3 ligand to generate Ru(IMe4)(PPh3)(CO)2HF (14), which showed 
a high frequency doublet of doublets hydride signal at δ -2.65 (JHP = 23.5, JHF = 8.2 Hz) 
(Figure 13). Unfortunately 14 could not be isolated from solution as further ligand 
substitution occurs resulting in the loss of HF to generate the tris-carbonyl species 
Ru(IMe4)(PPh3)(CO)3 (15) (Figure 13). (See Chapter 3, section 3.2.1.1 for the structural 
data of 15 and a comparison to other Ru(NHC)(PPh3)(CO)3 compounds). 
 
Ru
OC H
F
PPh3
PPh3
298 K, 12 h Ru
OC
OC H
F
PPh3
N
N
NN
(3)
1atm. CO
Ru
OC
OC
PPh3
NN
1atm. CO
298 K, 2 days CO
(14) (15) 
 
Figure 13 
 
Further evidence for the displacement of phosphine arose upon the addition of C5D5N to 
4. Initially no change was observed in the 1H NMR spectrum but, after a period of two 
days, a new doublet of doublets hydride signal was observed at δ -11.48 (JHP = 23.0, 
JHF = 2.1 Hz) assigned to Ru(IMe4)(PPh3)(C5D5N)(CO)HF (16) (Figure 14). The 
frequency of the hydride implies a change of geometry so that the hydride is trans to the 
electronegative nitrogen of the pyridine.21,40-42 Analysis of the 31P{1H} NMR spectrum 
shows a large singlet for free PPh3 and a doublet at δ 46.8 (JPF = 23.0 Hz) for 16. This 
confirms the loss of a single PPh3 ligand from the ruthenium centre, while analysis of 
the 19F NMR spectrum confirmed retention of a fluoride ligand, with the appearance of 
a doublet at δ -289.1 (JFP = 23.0 Hz). Full conversion to 16 occurred after 3 weeks, with 
no signals for the isomerisation product 12 observed at any point during the reaction. 
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Ru
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N
NN
N
Hb
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Figure 14 
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Further analysis of the proton spectrum of 16 (Figure 15) showed single resonances for 
the backbone and sidearm CH3 resonances indicating free rotation around the 
ruthenium-carbene bond. Two peaks are however observed for the -CH2 of the sidearms 
due to the orientation of the carbene ligand, which is such that the protons of the CH2 
group are in different environments with Ha experiencing a closer contact to the fluoride 
ligand. This manifests itself with Ha appearing as broad multiplet (presumably due to 
the interaction with the fluoride ligand), while Hb is observed as an overlapping doublet 
of quartets at δ 4.15 with couplings of 14.2 Hz to the geminal proton and 7.1 Hz to the 
CH3 group.  
 
CH3
Ru-H CH2CH3
HbHa
Figure 15: 1H NMR spectrum of Ru(IEt2Me2)(PPh3)(C5D5N)(CO)HF (16) (C5D5N, 400 MHz, 298 K). 
 
In an attempt to further probe the reactivity of complexes 3, 4 and 6, 3 was reacted with 
C2H4, H2 and Et3SiH. No reaction was observed with C2H4 even at 323 K, which 
resulted only in accelerating the isomerisation to 11. Addition of one atmosphere of H2 
or two equivalents of Et3SiH to 3 resulted in a slow reaction over a period of one week 
at room temperature to yield Ru(IMe4)(PPh3)2(CO)H2 (17). The reaction of 3 was 
monitored over time by NMR spectroscopy with the hydride region of the 1H NMR 
spectra shown in Figure 16. 
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4 days after addition 
 
Figure 16: 1H NMR spectra of the hydride region for the reaction of Ru(IMe4)(PPh3)2(CO)HF (3) 
with H2 (C6D6, 400 MHz, 298 K).
 
One hour after the addition of H2, four hydride containing products were detectable; the 
starting material 3, the cis-phosphine isomerisation product 11, the bis-NHC complex 7, 
and the trans-hydride isomer (18) of Ru(IMe4)(PPh3)2(CO)H2 (assigned via comparison 
with previous work).31,34 After 12 hours at room temperature two additional products 
appeared; the final product (17) and the cis-phosphine isomer (19) which was again 
assigned by comparison with previous work (see Figure 17 for dihydride isomers).31,34 
Essentially full conversion to 17 was achieved after 4 days at room temperature with 
only residual amounts of the dihydride and hydride fluoride isomers remaining.  
 
Ru
IMe4
OC H
F
PPh3
PPh3
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IMe4
H CO
H
PPh3
PPh3
Ru
Ph3P
OC H
H
PPh3
IMe4
Ru
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(17) (19)(18)(3)
++
 
 
Figure 17: Products formed from the reaction of Ru(IMe4)(PPh3)2(CO)HF (3) with Et3SiH in C6D6 
after 12 hours. 
 
Analysis of the 1H NMR spectrum upon treatment of 3 with two equivalents of Et3SiH 
indicated that 17 was preceded by the formation of 18 and 19, however there was no 
evidence for the formation of 11 or 7 (Figure 17). This suggests that their formation in 
the reaction of H2 with 3 may be due to reactions with the HF that is released. In fact 
 
(17) (17) 
12 h after addition (18) 
(7 & 19) 
(19) (11) 
1 h after addition
(18) 
(7) (11) 
Before H2 addition
(3) 
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section 2.3.2 indicates that the dihydride complex 17 will react with Et3N·3HF to 
generate 11 (although there is no evidence for the formation of 7). 
 
2.2.7 Solution behaviour of Ru(IiPr2Me2)(PPh3)2(CO)HF (5) 
Ru
OC H
F
PPh3
PPh3
N
N
 THF-d8
Ru
OC H
F
PPh3
N
N
NN
Ru
Ph3P
OC H
F
PPh3
NN
++ 1
(20) (9)
298 K
(5)
 
Figure 18: Isomerisation and disproportionation products of Ru(IiPr2Me2)(PPh3)2(CO)HF (5) in 
THF-d8. 
 
In contrast to 3, 4 and 6, isomerisation of 5 was also accompanied by 
disproportionation. Over several hours, the doublet of triplets hydride signal of 5 was 
depleted (Figure 19) and three new resonances appeared that were assigned to 1, the 
bis-NHC complex 9 and the cis-phosphine isomerisation product 20 (Figure 18/Figure 
19). After several hours the relative ratio of the four ruthenium species was 1:1:3:4 for 
5, 20, 1 and 9 respectively.33 
 
 
(1) (9) (5) (20) 
Figure 19: 1H NMR spectrum of Ru(IiPr2Me2)(PPh3)2(CO)HF (5) after several hours showing the 
four Ru-species 1, 5, 9 and 20 (THF-d8, 700 MHz, 298 K).33 
 
The broad hydride signal for the cis-phosphine isomer 20 seen at 298 K sharpened upon 
cooling to give the expected doublet of doublets multiplicity with coupling to two 
inequivalent phosphine ligands (JHP = 126.4, JHP = 24.5 Hz). As with previous 
complexes, the coupling to the fluoride ligand was lost within the line width of the 
hydride signal. 
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(5) 
(1) (9) 
(20) 
-5.0 
-5.5 
-6.0 
-6.5 
ppm 
-5.0 -5.5 -6.0 -6.5 ppm 
 
Figure 20: Phase-sensitive NOESY spectrum of the hydride region showing the lack of exchange 
between 1, 5, 9 and 20 (C6D6, 400 MHz, 298 K). 
 
A phase sensitive 2-D NOESY spectrum (Figure 20) confirmed that none of the 
complexes exchanged on the NMR time scale.33 The bis-IiPr2Me2 complex 9 displayed a 
sharp doublet of doublets hydride signal at δ -7.07, with cis-phosphine (JHP = 28.3 Hz) 
and cis-fluoride couplings (JHF = 7.5 Hz). The 13C{1H}-1H HMBC spectrum showed 
correlation of the hydride to two high-frequency 13C carbenic carbon signals at ca. δ 184 
and 192 consistent with the two carbene ligands in 9 being inequivalent. 
 
2.3. Reaction of Ru(NHC)(PPh3)2(CO)H2 with Et3N·3HF 
 
2.3.1 Introduction 
 
We have already shown that Ru(PPh3)3(CO)H2 can be converted into Ru(PPh3)3(CO)HF 
(1) upon reaction with Et3N·3HF within 5 h at 358 K. Compound 1 will then react at 
room temperature with a range of N-alkyl substituted NHCs to give a series of 
Ru(NHC)(PPh3)2(CO)HF complexes (3-6). These complexes can then undergo reaction 
with Et3SiH or H2 to form the dihydride complexes Ru(NHC)(PPh3)2(CO)H2 that have 
been previously reported by our group.24,31,34,36 It was therefore logical to react these 
ruthenium dihydride complexes with Et3N·3HF in an attempt to provide an alternative 
route to Ru(NHC)(PPh3)2(CO)HF. 
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2.3.2 Reaction of the Ru(NHC)(PPh3)2(CO)H2 (NHC = IMe4 (17), IEt2Me2 (21) and ICy (22)) with 
Et3N·3HF 
 
Reaction of the Ru(NHC)(PPh3)2(CO)H2 complexes 17, 21 and 22 with a single 
equivalent of Et3N·3HF gave very similar results for all three complexes. When reacted 
for one hour at room temperature 17, 21 and 22 showed formation of the corresponding 
cis (11-13) and trans (3, 4, 6) phosphine isomers of the hydride fluoride complexes 
Ru(NHC)(PPh3)2(CO)HF (see Figure 22). However the major hydride species visible in 
the 1H NMR spectra displayed a triplet resonance at ca. δ -19. A more detailed study of 
the reaction of 17 with Et3N·3HF showed this triplet resonance (δ -18.95) (see Figure 
21) correlated to a singlet 31P signal at δ 62.5. The 19F NMR spectrum showed no 
evidence of a fluoride signal in the range δ -200 and -500. Comparison with other work 
in the group suggested this species was the cationic complex [Ru(IMe4)(PPh3)2(CO)H]+ 
(23) although both the nature of the anion and the pathway to formation are unknown.43 
Reacting complexes 17, 21 and 22 for longer periods with Et3N·3HF did not result in 
conversion to a single product, while heating the samples at 343 K only resulted in the 
formation of the carbene loss product Ru(PPh3)3(CO)H2. 
 
(17) (17) (23) 
(3) 
(11) 
-6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 ppm
 
Figure 21: The hydride region of a 1H NMR spectrum (400 MHz, THF-d8, 298 K) showing the 
reaction products of Ru(IMe4)(PPh3)2(CO)H2 (17) and Et3N·3HF (1h after addition). 
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Figure 22: Products formed from the reaction of Ru(NHC)(PPh3)2(CO)H2 (17, 21 & 22) with 
Et3N·3HF. 
 
2.3.3 Reaction of Ru(IiPr2Me2)(PPh3)2(CO)H2 (26) with Et3N·3HF  
 
A suspension of 26 in THF was combined with one equivalent of Et3N·3HF and left at 
room temperature for 24 h. Analysis of the reaction mixture by 1H NMR spectroscopy 
revealed one major resonance in the hydride region due to Ru(PPh3)3(CO)HF (1) 
indicating the loss of carbene from the ruthenium centre. This was confirmed by the 
appearance of a high frequency singlet resonance at δ 9.81 corresponding to the 
imidazolium salt [IiPr2Me2(H)]+ (it was not possible to assign the anion). Subsequent 
integration of the hydride signal of 1 to the resonance at δ 9.81 gave a 1.3:1 ratio, 
suggesting that the formation of 1 is concomitant with formation of [IiPr2Me2(H)]+. The 
lack of resonances for the bis-NHC complex 9 indicates that the formation of 1 does not 
arise from the initial formation of 5 and subsequent degradation.  
 
2.4 Summary 
 
Reaction of Ru(PPh3)3(CO)H2 with Et3N·3HF at elevated temperature gave the hydride 
fluoride complex Ru(PPh3)3(CO)HF (1), which reacted readily with the free carbenes 
IMe4, IEt2Me2, IiPr2Me2 and ICy to yield the corresponding mono-NHC complexes 
Ru(NHC)(PPh3)2(CO)HF 3-6 in good yields (ca. 60%).  The stability of these 
complexes was shown to vary greatly with the N-substituents on the carbene. In the 
cases of IMe4 (3), IEt2Me2 (4) or ICy (6), isomerisation to the corresponding cis-
phosphine isomers 11-13 occurred slowly with the rate of isomerisation following the 
trend IMe4 > IEt2Me2 >> ICy. Indirect evidence has indicated that the isomerisation 
process occurs by initial phosphine loss with the carbene remaining bound to the 
ruthenium centre at all times. When the carbene was IiPr2Me2 (5), rapid isomerisation 
and disproportionation was observed within several hours to yield the cis-phosphine 
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isomer 20, the bis-NHC complex 7 and initial starting material 1, indicating that both 
the carbene and the phosphine dissociate from the ruthenium centre.  
 
With respect to more general chemical properties of late transition metal fluorides, we 
note that there was no evidence for the formation of ‘H-F’ type complexes,  such as 
described by ourselves,10 Grushin,3,44,45 Perutz,8,9,46,47 and others.48-52 This is likely to be 
due to the ‘hard’ ruthenium atom in the [Ru(L)(PPh3)2(CO)]2+ fragment (L = NHC, 
PPh3) which favours F- over ‘H-F’ or F-HF-.53 The Ru(NHC)(PPh3)2(CO)HF 
compounds 3, 4 and 6 react with H2 or Et3SiH to generate the previously reported 
dihydride species Ru(NHC)(PPh3)2(CO)H2 (17, 21 and 22).24,25,31,36 These react with 
Et3N·3HF to generate the cis (3, 4 and 6) and trans (11-13) phosphine isomers of the 
hydride fluoride complexes Ru(NHC)(PPh3)2(CO)HF and the cationic species 
[Ru(NHC)(PPh3)2(CO)H]+ (23-25). Addition of Et3N·3HF to 
Ru(IiPr2Me2)(PPh3)2(CO)H2 (26) resulted in Ru(PPh3)3(CO)HF (1) and [IiPr2Me2(H)]+, 
indicating dissociation of carbene from the ruthenium. 
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Chapter 3  N-aryl NHC chemistry 
3. Synthesis of Ru(NHC)(PPh3)(CO)HF & Ru(NHC)(PPh3)2(CO)H2: 
A route to catalytic hydrodefluorination of fluoroarenes 
 
3.1 Ru(NHC)(PPh3)(CO)HF complexes 
 
3.1.1 Introduction  
 
The N-alkyl substituted NHC complexes 2, 3 and 6 underwent isomerisation to the cis-
phosphine complexes 11-13, implying that a geometry in which the NHC ligand is trans 
to phosphine is a more stable one. Enforcing this ligand geometry/stereochemistry 
should prevent isomerisation and allow us to investigate the reactivity of such 
complexes. Previous work by our group has shown that the reaction of 
Ru(PPh3)3(CO)H2 with IMes results in the cis-phosphine complex 
Ru(IMes)(PPh3)2(CO)H2 (29).1-4 Fogg and co-workers have reported that the reaction of 
IMes or SIMes with Ru(PPh3)3(CO)HCl yields the 16-electron complexes 
Ru(NHC)(PPh3)(CO)HCl.5 As all three complexes exhibit the desired ligand geometry 
with the NHC trans to phosphine, it was decided to investigate the reaction of N-aryl 
substituted NHCs with Ru(PPh3)3(CO)HF (1). 
  
3.1.2 Synthesis and reactivity of Ru(IMes)(PPh3)(CO)HF (27) 
 
Three equivalents of IMes and 1 were combined in benzene at room temperature. The 
solution immediately turned a bright yellow colour. Analysis by 1H NMR spectroscopy 
after one hour at 298 K, indicated the formation of three hydride containing species; 
Ru(PPh3)3(CO)H2,6 the bis-NHC complex Ru(IMes)2(CO)HF (28)7 and a new hydride 
containing product, which appeared as a broad signal at δ -23.15. Integration of this 
signal to the three corresponding singlets (δ 2.46, 2.31 and 2.10) from the methyl groups 
of the IMes ligand gave a 1:6 ratio, implying the presence of a single hydride and IMes 
ligand. The 31P{1H} NMR spectrum contained four resonances; two arising from 
Ru(PPh3)3(CO)H2, a broad signal at ca. δ -5 for ‘free’ PPh3, and a broad doublet signal 
at δ 39.5 (JPF = 24.6 Hz). A 31P{1H}-1H HMQC experiment displayed a correlation 
between the broad Ru-P doublet and the broad hydride signal. The 19F NMR spectrum 
displayed a singlet resonance for 28, and broad singlet at δ -207.5. A 1H-19F HMBC 
experiment showed that the Ru-F resonance at δ -207.5 correlated to the hydride signal 
at δ -23.15. This data is consistent with the new product being the 16-electron complex 
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Ru(IMes)(PPh3)(CO)HF (27) (see Figure 1). This was confirmed by comparison of the 
NMR data for the analogous reaction of IMes with Ru(PPh3)3(CO)HCl.5 Despite 
numerous attempts it was not possible to isolate 27 from the reaction, which proceeded 
to give full conversion to 28, even when less than one equivalent of IMes was used.  
 
As the formation of 27 was always accompanied by 28, a different synthetic strategy 
was employed. Chapter 2 has indicated that ruthenium dihydride complexes will react 
with Et3N·3HF to form RuHF complexes. Therefore as the synthesis of 
Ru(IMes)(PPh3)2(CO)H21-4 (29) is well documented, it was decided to react 29 with 
Et3N·3HF. The addition of 1.5 equivalents of Et3N·3HF to a benzene solution of 29 
instantly resulted in the evolution of dihydrogen. After one hour at room temperature 
full conversion to 27 (Figure 1) was confirmed by 1H NMR spectroscopy, with residual 
Et3N·3HF removed by addition of CsF. Attempts to isolated 27 by removing the ‘free’ 
PPh3 from the solution proved relatively unsuccessful, as the complex degraded in the 
absence of PPh3. However, 27 was fortuitously crystallised from THF/hexane. 
Intriguingly, when the crystal was removed from the solution it started to decompose to 
an oil, and it was only upon placing the crystal into deoxygenated Paratone-N that 
further decomposition was prevented.  
 
Ru
OC H
F
PPh3
NN
Ru
Ph3P
OC H
H
PPh3
NN
(27)(29)
Et3N·3HF
1 h, 298 K
 
Figure 1 
 
3.1.2.1 Solid-state characterisation of Ru(IMes)(PPh3)(CO)HF (27) 
 
The molecular structure of 27 exhibited a square pyramidal geometry with the hydride 
ligand in the apical position trans to a vacant site. The carbonyl region of the structure 
was disordered in a 70:30 ratio, which means that the hydride was similarly disordered. 
As there was no possibility of accurately locating ca. 0.3 of a hydrogen atom, the 
hydride was refined at full occupancy with the major components included in Figure 2. 
The Ru-CNHC bond is similar for both 27 (2.077(2) Å) and the analogous bis-IMes 
complex 28 (2.065(2), 2.071(2) Å)7, with the Ru-F bond lengths identical in both 
compounds (27 = 2.0315(13) Å, 28 = 2.0326(15) Å)7. However, this is not the case for 
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the Ru-CO bond, which is lengthened in 27 (1.820(3) Å) as opposed to 28 (1.781(3) 
Å),7 perhaps indicating the greater donation afforded by the second IMes ligand over 
PPh3. The CNHC-Ru-P angle of 173.28(6)° in 27 is bent towards the hydride ligand and 
shows a greater deviation from linear than 28 (176.31 Å)7 and the analogous bis-NHC 
chloride structures Ru(IMes)2(CO)HCl (178.6(11)°)8, Ru(IPr)2(CO)HCl (178.78(8)°)8 
and Ru(SIPr)2(CO)HCl (177.60(9)°)8. However, this deviation is significantly less than 
the predicated value for the computationally calculated bis-phosphine complex 
Ru(PH3)2(CO)HF (163.79°).9 A selection of bond lengths and angles for 27 are shown 
in Table 1 (for a comparison with the analogous complex Ru(SIMes)(PPh3)(CO)HF 
(32) see Table 3). 
 
 
 
Figure 2: Molecular structure of Ru(IMes)(PPh3)(CO)HF (27). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity.    
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Bond Lengths (Å)    
Ru(1)-C(1) 1.820(3) Ru(1)-F(1) 2.0315(13) 
Ru(1)-C(2) 2.077(2) Ru(1)-P(1) 2.3403(6) 
    
Bond Angles (°)    
C(2)-Ru(1)-P(1) 173.28 (6) C(1)-Ru(1)-C(2) 89.82(13) 
F(1)-Ru(1)-C(1) 174.13(16) C(1)-Ru(1)-P(1) 93.53(11) 
F(1)-Ru(1)-C(2) 89.71(4) F(1)-Ru(1)-P(1) 86.36(4) 
N(1)-C(2)-N(2) 103.61 (18)   
 
Table 1:  Selected bond lengths (Å) and angles (°) for Ru(IMes)(PPh3)(CO)HF (27). 
 
3.1.2.2 Variable temperature NMR and solution IR of Ru(IMes)(PPh3)(CO)HF (27) 
 
The fact that both the hydride signal in the 1H NMR spectrum and the ‘free’ PPh3 signal 
in the 31P{1H} NMR spectrum were broad indicated that there was some fluxional 
behaviour associated with 27. To analyse this a toluene solution of 27 (containing 1 
equivalent of PPh3) was subjected to variable temperature NMR. Heating the solution to 
339 K resulted in the hydride signal sharpening, such that a doublet resonance with a 
cis-phosphine coupling of 24.6 Hz was observed. This correlates with the reported data 
for the analogous chloride complexes Ru(IMes)(PPh3)(CO)HCl and 
Ru(SIMes)(PPh3)(CO)HCl.5 No change was observed in either the 31P{1H} or 19F NMR 
spectra. We assume that the coupling between the hydride and fluoride is not observed 
in either the 1H or 19F NMR spectra as the coupling would be less than 10 Hz and is 
therefore lost within the line width of the signals. Similarly the broadness of the Ru-F 
resonance prevents the observation of any 31P splittings. 
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Figure 3: 1H NMR spectra displaying the hydride region for Ru(IMes)(PPh3)(CO)HF (27) and one 
equivalent of PPh3 at various temperatures (C6D5CD3, 400 MHz). 
 
Cooling the solution did not result in a sharpening of the hydride signal but instead gave 
a second hydride resonance for Ru(IMes)(PPh3)2(CO)HF (30). The hydride signal for 
30 initially appeared as a broad lump at 250 K, but it was only when the solution was 
cooled to 226 K that a doublet of doublets resonance was resolved at δ -5.54. Further 
cooling to 201 K provided almost complete conversion to 30 with only ca. 13 % of 27 
now present. Addition of a further 1.6 equivalents of PPh3 resulted in 30 as the sole 
product at 201 K. 31P decoupling of the 1H NMR spectrum (at 201 K) resulted in a 
broad singlet resonance for the hydride signal, confirming that the 123.5 and 28.1 Hz 
couplings were due to trans- and cis-phosphine splittings. The 31P{1H} NMR spectrum 
saw a sharpening in the signal for the ‘free’ PPh3, while a multiplet resonance at δ 14.3 
was observed for the PPh3 trans to NHC, with a broad signal at δ 35.5 observed for the 
PPh3 trans to hydride. The broadening of the signal clearly indicated the fluxional 
coordination of the phosphine group trans to the hydride. As in 27 the Ru-F resonance 
appeared as a broad singlet but the resonance was shifted to δ -362.1 in line with that 
expected for an 18-electron complex.9,10 A 1H-19F HMBC experiment confirmed that 
despite the lack of coupling the hydride and fluoride were from the same compound.  
 
-5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 -24 -25
-5.1 -5.2 -5.3 -5.4 -5.5 -5.6 -5.7 -5.8 -5.9 -6.0 -6.1 ppm -23.2 -23.3 -23.4 -23.5 -23.6 -23.7 ppm
339 K 
298 K 
250 K 
226 K 
201 K 
ppmpp
m 
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 m
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+ PPh3, 201 K
- PPh3, 298 K
 
 
Figure 4: Phosphine exchange at low temperature between the 16-electron complex 
Ru(IMes)(PPh3)(CO)HF (27) and the 18-electron complex Ru(IMes)(PPh3)2(CO)HF (30). 
 
Solution analysis of 27 in C6D6 (with 1 equivalent of PPh3) by IR indicated that, 
although not observable at room temperature by NMR spectroscopy, 30 was present. 
Two carbonyl absorption bands were observed at 1903 and 1913 cm-1 in the IR 
spectrum. The higher frequency band was assigned to 27 (see IR data of 32 section 
3.1.3.1) and the lower frequency absorption band to 30. In attempt to enhance the band 
for 30 a further 4 equivalents of PPh3 were added to the solution. This resulted in the 
disappearance of the band for 27, with only the absorption band at 1903 cm-1 now 
present, indicating that the increase of PPh3 enhances the conversion of 27 to 30 such 
that on the IR spectroscopy time frame only 30 is observed.  
 
3.1.2.3 Synthesis of Ru(IMes)(PPh3)(CO)2HF (31) 
 
Ru
OC H
F
PPh3
NN
Ru
OC
OC H
F
PPh3
NN
(27) (31)
1 atm. CO
benzene, 298 K
 
Figure 5 
 
As 27 could not be successfully isolated from solution, CO was added to 27 to trap the 
18-electron complex Ru(IMes)(PPh3)(CO)2HF (31) (Figure 5). Upon application of one 
atmosphere of CO to 27 the solution immediately went from bright yellow to colourless. 
Analysis of the 1H NMR spectrum showed a shift in the hydride signal to the higher 
frequency of δ -3.29, which correlates with the analogous complexes 2, 1410 and  
Ru(PtBu2Me)2(CO)2HF.9 There was no shift in the Ru-P signal in the 31P{1H} NMR 
spectrum compared to 27, however the Ru-F signal was shifted to the significantly 
lower frequency of δ -397.0. This is in stark contrast to that for the analogous bis-
carbonyl complex Ru(PtBu2Me)2(CO)2HF which displays a Ru-F resonance at δ -202 
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while the 16-electron mono-carbonyl species Ru(PtBu2Me)2(CO)HF has a Ru-F 
resonance at δ -311. Why such a great variation is experienced between the four 
compounds is not clear. Caulton and co-workers have attributed the shift of the 19F 
resonance to a lower frequency for the dicarbonyl species to the extent of the FÆRu 
π-donation, where the coordination of the CO uses one metal σ-bond but creates 
additional push-pull interactions wherein the fluorine lone pairs, filled dπ orbitals and 
empty CO π* orbitals interact to enhance the fluorine π-donation. Caulton reasons that 
there are two such interactions in Ru(PtBu2Me)2(CO)HF, but three interactions in 
Ru(PtBu2Me)2(CO)2HF and hence the Ru-F resonance for Ru(PtBu2Me)2(CO)2HF 
occurs at a lower frequency. As such behaviour is not observed in our case (see also 
complexes 34, 45 and 46, Table 8) such a statement is either incorrect or simply does 
not apply in our systems. 
 
3.2.1.3.1 Solid-state characterisation of Ru(IMes)(PPh3)(CO)2HF (31) 
 
The X-ray crystal structure for 31 confirmed the binding of the additional CO ligand 
trans to the hydride. 31 displays a distorted octahedral geometry, such that the 
CNHC-Ru-P angle is tilted towards the hydride ligand (164.65(7)°). The Ru-CNHC 
(2.097(2) Å), the Ru-F (2.0697(14) Å) and Ru-P (2.3502(6) Å) bond lengths in 31 are 
longer than in the mono-carbonyl complex 27 (2.077(2), 2.0315(13), 2.3403(6) Å 
respectively), presumably due to the increase in steric bulk around the metal centre 
arising from the second carbonyl ligand. As expected due to the strong trans influence 
of the hydride and the π-stabilisation afforded by the fluoride ligand, the Ru-CO bond 
trans to hydride (1.978(3) Å) is significantly longer than that trans to fluoride 
(1.832(3) Å). A list of selected bond lengths and angles for 31 are shown in Table 2 (see 
Table 9 for a comparison with other Ru(NHC)(PPh3)(CO)2HF complexes).  
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Figure 6: Molecular structure of Ru(IMes)(PPh3)(CO)2HF (31). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity. 
 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.978(3) Ru(1)-C(3) 2.097(2) 
Ru(1)-C(2) 1.832(3) Ru(1)-F(1) 2.0697(14) 
Ru(1)-P(1) 2.3502(6)   
    
Bond Angles (°)    
C(3)-Ru(1)-P(1) 164.65(7) F(1)-Ru(1)-C(3) 88.07(8) 
F(1)-Ru(1)-C(1) 93.17(9) F(1)-Ru(1)-P(1) 84.15(4) 
F(1)-Ru(1)-C(2) 173.94(9) P(1)-Ru(1)-C(1) 92.44(8) 
N(1)-C(3)-N(2) 103.0(2) P(1)-Ru(1)-C(2) 95.70(8) 
 
Table 2: Selected bond lengths (Å) and angles (°) for Ru(IMes)(PPh3)(CO)2HF (31). 
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3.1.3 Synthesis and reactivity of Ru(SIMes)(PPh3)(CO)HF (32) 
 
As 27 proved unstable in the absence of phosphine, the saturated NHC SIMes was 
reacted with Ru(PPh3)3(CO)HF (1) to look for any changes in behaviour. As highlighted 
by Denk et al. the synthesis of ‘free’ saturated NHCs can be problematic due to an 
increased sensitivity to air and moisture.11 To combat this, the pentafluorobenzene 
adduct SIMes·C6F5-H was employed in the reaction.  
Ru
OC H
F
PPh3
NN
Ru
Ph3P
OC H
F
PPh3
PPh3 (32)(1)
NN
C6F5H
2.5 h, 343 K
 
Figure 7 
 
Three equivalents of SIMes·C6F5-H were combined with 1 and heated at 343 K. After 
2.5 hours, full conversion to Ru(SIMes)(PPh3)(CO)HF (32) (Figure 7) was apparent 
from a new broad hydride signal at δ -23.37 in the 1H NMR spectrum. The solution was 
reduced in vacuo and washed with hexane, which unlike 27, allowed isolation of 32 as a 
stable yet highly air sensitive yellow solid.12 The removal of PPh3 from 32 resulted in 
the hydride signal appearing as a doublet (JHP = 24.1 Hz), while there was only a slight 
shift in the Ru-P (δ 38.8) and the Ru-F (δ -215.8) resonances relative to 27. The Ru-P 
resonance exhibited a broad doublet multiplicity (JHP = 18.0 Hz), while the Ru-F 
resonance appeared as a broad singlet. Intriguingly both the Ru-F and Ru-P resonances 
sharpened upon dissolution of crystalline 32 in C6D6 in the presence of CsF or 
Me3SiCF3 to reveal a 26.7 Hz JHP coupling. This suggested that broadening of the 
resonances may have arisen from traces of adventitious moisture.  
 
Surprisingly, no reaction was observed between 32 and Me3SiCF3. Reports by Caulton 
and co-workers have shown that the analogous compounds Ru(PtBu2Me)2(CO)HF and 
Ru(PiPr3)2(CO)HF will react with Me3SiCF3 in the presence of a catalytic amount of 
CsF to generate Me3SiF and the difluorocarbene complexes 
Ru(PtBu2Me)2(CO)(=CF2)HF and Ru(PiPr3)2(CO)(=CF2)HF.13,14 However, in the 
presence of catalytic CsF and even with heating up to 393 K, no reaction was observed 
between 32 and Me3SiCF3.   
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3.1.3.1 Solid-state structure of Ru(SIMes)(PPh3)(CO)HF (32) 
 
Crystals of 32 suitable for analysis by X-ray crystallography were obtained from the 
hexane filtrate (Figure 8). Complex 32 displayed a similar square pyramidal geometry 
to 27, although the CNHC-Ru-P angle was ca. 5° narrower in 32 (168.44(6)°) than in 27 
(173.28(6)°). As expected from the saturated nature of the heterocyclic ring, the 
N-CRu-N angle was also ca. 5° wider in 32 (108.26(18)°) than in 27 (103.61(18)°). 
There was no difference in the Ru-CNHC bond lengths, but the Ru-F bond distance was 
significantly shorter in 32 (2.0172(13) Å) than that found in 27 (2.0315(13) Å). On the 
basis that this implied greater donation in the former, the expected shorter Ru-CO value 
was found for 32 (1.800(2) Å, 27 = 1.820(3) Å). A comparison of selected bond lengths 
and angles for 27 and 32 are displayed in Table 3.
   
 
 
Figure 8: Molecular structure of Ru(SIMes)(PPh3)(CO)HF (32). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) are omitted for 
clarity. 
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      27      32 
Ru-CO 1.820(3) 1.800(2) 
Ru-CNHC 2.077(2) 2.071(2) 
Ru-F 2.0315(13) 2.0172(13) 
Ru-P 2.3403(6) 2.3494(5) 
C-O 1.155(4) 1.167(3) 
CNHC-Ru-P 173.28(6) 168.44(6) 
CNHC-Ru-CO 89.82(13) 92.51(9) 
OC-Ru-P 93.53 (11) 97.81(7) 
F-Ru-CO 174.13(16) 174.64(8) 
F-Ru-CNHC  89.71(4) 86.75(7) 
F-Ru-P 86.36(4) 83.45(4) 
N-CRu-N 103.61(18) 108.26(18) 
 
Table 3: Selected bond lengths (Å) and angles (°) for Ru(IMes)(PPh3)(CO)HF (27)  and 
Ru(SIMes)(PPh3)(CO)HF (32). 
 
3.1.3.2 IR and NMR characterisation of Ru(SIMes)(PPh3)2(CO)HF (33) 
 
The IR spectrum of 32 afforded a single carbonyl absorption band present at 1916 cm-1. 
This is surprisingly high in comparison with 27 (1913 cm-1) considering the predicted 
greater electron donation afforded by the saturation of the carbene. The addition of one 
equivalent of PPh3 to 32 and analysis of the complex by solution IR spectroscopy in 
C6D6 indicated that as in 27, complex 32 was susceptible to the incorporation of a 
second phosphine ligand to give Ru(SIMes)(PPh3)2(CO)HF (33), which had υCO at 
1902 cm-1 (see Figure 4 for ligand orientation). The addition of 5 equivalents of PPh3 
resulted in only the carbonyl stretching frequency for 33 being observed.  
 
The incorporation of a second phosphine ligand was confirmed by low temperature 
NMR spectroscopy. The addition of 2.6 equivalents of triphenylphosphine to 32 
resulted in a broadening of the hydride signal at δ -23.37, so that it was hardly visible in 
the 1H NMR spectrum at 298 K. The high frequency region of the 1H NMR spectrum 
(as well as the 31P{1H} NMR spectrum) remained unchanged, while the Ru-F resonance 
was no longer visible in the 19F NMR spectrum. Cooling to 201 K resulted in full 
conversion to the 18-electron bis-phosphine species 33, which was characterised by a 
doublet of doublets hydride signal at δ -5.67 (JHP = 118.0, JHP = 28.0 Hz). The 31P{1H} 
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and 19F NMR spectra were almost identical to those for the related complex 30 (see 
Table 7 for comparison), while the 13C{1H} NMR spectrum displayed two broad 
doublet resonances at δ 218.3 (JCP = 93.4 Hz) and 204.0 (JCF = 70.1 Hz) for the carbenic 
and carbonyl carbon resonances respectively. The loss of the couplings to the cis-
phosphorus nuclei is presumably due to the fluxional behaviour of the PPh3 group trans 
to the hydride (a factor which is also observed in the 31P{1H} NMR spectrum). 
 
3.1.3.3 Synthesis and characterisation of Ru(SIMes)(PPh3)(CO)2HF (34) 
 
Complex 32 undergoes reaction with CO to yield the 18-electron dicarbonyl complex 
Ru(SIMes)(PPh3)(CO)2HF (34) (see Figure 5 for ligand orientation). The spectral 
characteristics from the 1H, 31P and 19F NMR spectra are very similar for both 34 and 31 
(see Table 8 for a comparison of selected data), while the IR carbonyl absorption bands 
are also very close in frequency (31, υCO = 2026, 1950 cm-1; 34, υCO = 2027, 1950 cm-1). 
Crystals of 34 suitable for analysis by X-ray crystallography were obtained from 
benzene/hexane. A list of selected bond lengths and angles for 34 are shown in Table 4, 
and comparison with other Ru(NHC)(PPh3)(CO)2HF complexes is shown in Table 9 . 
 
 
Figure 9: Molecular structure of Ru(SIMes)(PPh3)(CO)2HF (34). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and 
solvent molecules are omitted for clarity.    
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Bond Lengths (Å)    
Ru(1)-C(1) 1.977(3) Ru(1)-C(3) 2.106(2) 
Ru(1)-C(2) 1.830(2) Ru(1)-F(1) 2.0704(13) 
Ru(1)-P(1) 2.3565(6)   
    
Bond Angles (°)    
C(3)-Ru(1)-P(1) 165.37(6) F(1)-Ru(1)-C(3) 88.67(7) 
F(1)-Ru(1)-C(1) 93.62(9) F(1)-Ru(1)-P(1) 84.14(4) 
F(1)-Ru(1)-C(2) 173.66(9) P(1)-Ru(1)-C(1) 91.87(7) 
N(1)-C(3)-N(2) 107.36(18) P(1)-Ru(1)-C(2) 95.70(7) 
 
Table 4: Selected bond lengths (Å) and angles (°) for Ru(SIMes)(PPh3)(CO)2HF (34). 
 
3.1.3.4 Reaction of Ru(SIMes)(PPh3)(CO)HF (32) with Me3Si-X (X = C6F5, OTf, I) 
 
The use of silyl agents of the form R3Si-X has been widely reported in both halide 
replacement and halide coordination reactions,15-20 and thus were investigated for their 
reactivity towards 32. Caulton and co-workers have reported that the analogous bis-
phosphine complex Ru(PtBu2Me)2(CO)HF reacts with Me3Si(C6F5) to form 
Ru(PtBu2Me)2(CO)(C6F5)H,9 although no reaction was observed between 32 and 
Me3Si(C6F5) even upon the addition of CsF and heating up to 363 K.21  
 
Reaction of 32 with the more reactive Me3Si(OTf) was investigated. On the addition of 
two equivalents of Me3Si(OTf), there was a slight lightening in the colour of the 
benzene solution and formation of a fine white precipitate. Analysis of the solution by 
1H NMR spectroscopy revealed a slight shift in the position of the hydride resonance to 
δ -22.71 (JHP = 23.2 Hz), while the higher frequency region of the spectrum had 
broadened significantly and was difficult to analyse. Abstraction of the fluoride ligand 
was confirmed by analysis of the 19F NMR spectrum, which displayed a multiplet 
resonance for Me3SiF at δ -157.1, along with two new singlets; one at δ -77.4 for 
Me3SiOTf and one at δ -77.1 for the coordinated triflate group of 
Ru(SIMes)(PPh3)(CO)(OTf)H (35) (see Figure 10). The shift in υCO for 35 (1938 cm-1) 
compared with 32 (1916 cm-1) is consistent with the poorer π-donor capability of the 
triflate. Analysis of the solid precipitate in CD2Cl2 indicated the presence of the 
imidazolium salt [SIMes(H)][OTf] (see Figure 10), due to a high frequency resonance at 
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δ 8.15 in the 1H NMR spectrum for the C2 proton of the imidazolium, and a peak at 
δ 79.2 in the 19F NMR spectrum for the accompanying triflate anion.  
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Figure 10 
 
Complex 35 proved to be unstable in solution, further eliminating [SIMes(H)][OTf] to 
give multiple unidentified ruthenium species. Similar results were also observed by 
Caulton and co-workers for Ru(PtBu2Me)2(CO)(=CF2)(OTf)H which eliminated 
[PtBu2Me(H)][OTf] . 14 
 
Attempts were also made at exchanging the fluoride ligand in 32 with iodide using 
Me3SiI. Two equivalents of Me3SiI were combined with 32 in benzene, which resulted 
in the solution immediately changing from bright yellow to orange. Analysis by 19F 
NMR spectroscopy indicated the formation of Me3SiF (no other resonances were 
observed between δ -200 and -500). The 31P{1H} and 1H NMR spectra were consistent 
with the formation of Ru(SIMes)(PPh3)(CO)HI (36) (Figure 11). A singlet was 
observed at δ 43.5 in the 31P NMR spectrum, while the doublet hydride signal was 
shifted to the slightly higher frequency of δ -22.50 (JHP = 23.0 Hz). Three resonances 
(each correlating to 6 protons) were observed at δ 2.61, 2.55 and 2.09 for the methyls of 
the coordinated SIMes ligand, while a singlet resonance was observed at δ 3.29 for the 
backbone CH2 protons, indicating free rotation around the Ru-CNHC bond. The IR 
spectrum of 36 showed a single υCO band at 1922 cm-1, as expected on the grounds of 
poorer π-donation afforded by iodide compared to fluoride (32 =1916 cm-1).  
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Figure 11: Synthesis Ru(SIMes)(PPh3)(CO)HI (36) and the products 37 and 38 from the subsequent 
disproportionation in solution. 
 
Attempts to characterise complex 36 by X-ray crystallography were hindered by the 
solution behaviour. Over a number of hours, 36 disproportionated to the bis-carbene and 
bis-phosphine complexes Ru(SIMes)2(CO)HI (37) and Ru(PPh3)2(CO)HI (38) (Figure 
11). Assignment of both complexes was provided by 1H NMR spectroscopy which 
showed two hydride signals in a 1:1 ratio. A singlet resonance was observed at δ 25.80 
for 37 with a triplet resonance at δ -20.30 (JHP = 8.7 Hz) assigned to 38. The hydride 
signal for 38 displayed a correlation by 1H-31P{1H} HMQC to a singlet phosphorus 
resonance at δ 56.8. 
 
3.1.3.5 Reaction of Ru(SIMes)(PPh3)(CO)HF (32) with Et3SiH  
 
As is evident from this report, the synthesis of 16-electron d6 ML5 complexes is a well 
researched area.1,8,9,22-26 A general feature of the majority of these compounds is the 
presence of a π-donor ligand which can donate electrons to the metal via its lone pairs 
and participate in π-bonding with the metal. It may be viewed that these π-donor ligands 
may alleviate the electron density at the metal centre and as such d6 ML5 complexes can 
be viewed as π-stabilised, 16-electron complexes. However, Caulton and co-workers 
have reported the formation of the 16-electron complexes Ru(PtBu2Me)2(CO)H2  and 
Ru(PtBu2Me)2(CO)(SiPh2H)H which are devoid of π-donors. Computational studies 
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have indicated that such compounds are stable as the strong σ-donor ‘H’ is better at 
alleviating the electron deficiency on the metal than the π-donors F, Cl, Br, OH, OMe, 
and CCH.27,28 We used this argument to attempt the synthesis of 
Ru(SIMes)(PPh3)(CO)H2 by reaction of 32 with Et3SiH. 
 
The addition of 5 equivalents of Et3SiH to a toluene solution of 32 at room temperature 
resulted in the solution becoming dark orange in colour. Analysis of the solution by 1H 
NMR spectroscopy showed complete disappearance of 32, and formation of a new and 
very broad signal at δ -7.08 (peak width = 998 Hz). The 31P{1H} NMR spectrum 
contained a singlet phosphine resonance at δ 61.5, while the 19F NMR spectrum 
contained a multiplet resonance for Et3SiF, but no other signals. Cooling the solution 
did not result in any change to the hydride signal (which remained broad), and there was 
no shift in the 31P{1H} signal. Attempts to crystallise the complex were also 
unsuccessful; when the solution was reduced in vacuo, the characteristic resonances 
were lost, with no discernable new signals generated in either the 1H or 31P{1H} NMR 
spectra.29  
 
In an attempt to probe the reaction further, it was repeated but with the addition of 
Et3SiH at 195 K. The 1H NMR spectrum recorded straight away at this temperature now 
displayed a doublet hydride resonance at δ -8.60 (JHP = 57.1 Hz), plus two smaller 
doublet signals at δ -5.56 and -12.36 (JHP = 25.2 Hz). The 31P{1H} NMR spectrum 
contained a large singlet at δ 47.3 that correlated to the hydride signal at δ -8.60, and 
second smaller singlet at δ 61.8 which correlated to the two doublet resonances. No 
resonances except for Et3SiF were observed in 19F NMR spectrum. The solution was 
warmed slowly (see Figure 12), which resulted in loss of all three hydride resonances 
and the appearance of two broad signals at δ -6.22 and -9.43 (ca. 1:3 ratio) at 267 K. 
The 31P{1H} NMR spectrum still contained two signals, although these were slightly 
shifted. Further warming to 298 K led to conversion to the same product seen in the 
room temperature reaction, with a broad resonance observed at δ -7.08. Cooling the 
solution back to 195 K did not alter the 1H or 31P{1H} NMR spectra.  
 
Comparison of this data with those reported by Caulton and co-workers27,28 indicated 
that the products observed in both the room temperature and low temperature 
experiments were unlikely to be Ru(SIMes)(PPh3)(CO)H2 or 
Ru(SIMes)(PPh3)(CO)(SiEt3)H. A further plausible product is a σ-coordinated silane 
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species such as Ru(SIMes)(PPh3)(CO)H2(σ-H-SiEt3).30-32 However from the 
spectroscopic data we have obtained there is no definitive evidence as to the identity of 
these products.  
 
 
 
Figure 12: 1H NMR spectra (Tol-d8, 500 MHz) upon the reaction of Ru(SIMes)(PPh3)(CO)HF (32) 
and Et3SiH, following the hydride region at various temperatures. 
-6 -7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 -18 -19 -20 -21 -22 -23 p
195 K -before addition of Et3SiH 
195 K -after addition of Et3SiH 
225 K 
 
NMR analysis of both the low and room temperature reactions after 24 hours at 298 K 
revealed the presence of multiple products, chief among them being a hydride species 
with resonances at δ -6.63 and -8.20. Both signals displayed doublet of doublet of 
doublet multiplicities, with a 1H-31P{1H} HMQC experiment providing a correlation to 
two doublet resonances at δ 57.4 and 47.6. Comparison with the NMR data for 291,4  
suggested that this species was Ru(SIMes)(PPh3)2(CO)H2 (39), implying that if the 
reaction of 32 with Et3SiH was undertaken in the presence of PPh3 then 39 might be 
isolable as the reaction product. Previous attempts have been made to synthesize 39 by 
heating SIMes with Ru(PPh3)3(CO)H2 but the reaction never progressed past ca. 10 % 
conversion. This was surprising given that reaction of Ru(PPh3)3(CO)H2 with IMes 
resulted in quantitative conversion to 29.1,4
 
 
 
 
pmpm
235 K 
246 K 
267 K 
298 K 
298 K – 24 h after addition of Et3SiH 
-4 -6 -8 -10 ppm-12 
* 
* 
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3.1.3.6 Synthesis of Ru(SIMes)(PPh3)2(CO)H2 (39) 
 
The addition of two equivalents of PPh3 to a benzene solution of 32, followed by 
addition of 5 equivalents of Et3SiH did indeed result in quantitative conversion to 39 
(Figure 13). The 1H, 31P{1H} and 13C{1H} NMR spectra are similar to those for 29 (see 
Table 10 for a comparison of pertinent resonances). Of note, is that the carbenic and 
carbonyl resonances appear as doublets of doublets at δ 224.9 (JHP = 72.1, JHP = 6.5 Hz) 
and 205.7 (JHP = 8.7, JHP = 8.5 Hz) respectively, whereas the carbonyl carbon resonance 
for 29 appeared as a triplet at δ 205. 7 (JHP = 8.8 Hz), and the carbenic carbon was ca. 
27 ppm lower in frequency at δ 197.7.4 The IR spectra for 29 and 39 are identical, each 
with υCO at 1941 cm-1. 
 
Ru
OC H
H
PPh3
NN
Ru
OC H
F
PPh3
NN
(32) (39)
+ PPh3
Ph3P
Et3SiFEt3SiH
benzene, 298 K
 
Figure 13 
 
3.1.3.6.1 Solid-state characterisation of Ru(SIMes)(PPh3)2(CO)H2 (39) 
 
Crystals of 39 suitable for analysis by X-ray crystallography were obtained from 
toluene/hexane. The structure is disordered across the C(3)-C(4) region in a 60:40 ratio 
with the major components shown in Figure 14. 39 displays the expected distorted 
octahedral geometry with a trans CNHC-Ru-P angle of 145.49(9)° bent towards one of 
the hydride ligands. There is very little difference between the structures for 29 and 39, 
with the same Ru-CNHC bond lengths (29 = 2.0956(17),4 39 = 2.097(3) Å), a common 
feature for saturated and unsaturated NHC metal complexes.33-37 A selection of bond 
lengths and angles are reported in Table 5 and a comparison with other 
Ru(NHC)(PPh3)2(CO)H2 complexes is shown in Table 11. 
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Figure 14: Molecular structure of Ru(SIMes)(PPh3)2(CO)H2 (39). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) are 
omitted for clarity.    
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.910(3) Ru(1)-P(1) 2.2985(5) 
Ru(1)-C(2) 2.097(3) Ru(1)-P(2) 2.3628(4) 
    
Bond Angles (°)    
C(1)-Ru(1)-P(1) 94.71(10) C(1)-Ru(1)-P(1) 100.36(11) 
C(2)-Ru(1)-P(1) 145.49(9) C(2)-Ru(1)-P(2) 106.30(10) 
N(1)-C(2)-N(2) 105.3(3)   
 
Table 5: Selected bond lengths (Å) and angles (°) for Ru(SIMes)(PPh3)2(CO)H2 (39). 
 
3.1.4 Synthesis and reactivity of Ru(IPr)(PPh3)(CO)HF (40) and Ru(SIPr)(PPh3)(CO)HF (41) 
 
As the reaction of 32 with Et3SiH in the absence of PPh3 produced an unstable product, 
the steric bulk of the NHC was increased. The 16-electron complexes 
Ru(IPr)(PPh3)(CO)HF (40) and Ru(SIPr)(PPh3)(CO)HF (41) were obtained by heating 1 
in the presence of three equivalents of the free carbene IPr or the pentafluorobenzene 
adduct SIPr·C6F5-H. Full conversion to 40 was obtained after 6 hours at 363 K, while 41 
required more forcing conditions with heating at 393 K for 16 hours.38 Attempts to 
separate 40 and 41 from the carbene/adduct and released triphenylphosphine in solution 
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proved problematic, as both complexes were highly soluble in hexane and pentane, even 
upon cooling to 193 K. Attempts were made to isolate 40 and 41 by the addition of the 
phosphine sponge Pd(CH3CN)2Cl2, however, this proved unsuccessful as the addition of 
one equivalent of the Pd complex turned the ruthenium solutions brown, then black 
after 12 hours generating multiple unidentified hydride species.  
 
In a further attempt at isolation, one equivalent of acetonitrile was added to a benzene 
solution of 40. This resulted in a shift in the hydride signal to δ -13.31 (JHP = 23.1 Hz) 
suggesting formation of Ru(IPr)(PPh3)(CO)(NCMe)HF (42) (for complete NMR data 
see experimental section), where the acetonitrile ligand is coordinated trans to hydride. 
The application of a vacuum to the solution enabled removal of the acetonitrile ligand 
regenerating 40. However, 42 was also soluble in hexane and pentane, and hence this 
was disregarded as a method of isolation. Despite being unable to isolate 40 and 41 
from the ‘free’ PPh3 in solution, the NMR data for both complexes allows a comparison 
of the four compounds of the type Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41) and this 
is shown in Table 6. 
 
Complex 
1H Ru-H 
(δ) 
JHP 
(Hz) 
31P{1H} 
(δ) 
JPF 
(Hz) 
19F 
(δ) 
JFP 
(Hz) 
υCO 
(cm-1) 
27 a -23.15 (d) 24.6 39.5 (d) 24.6 -207.5 (br s) - 1913 
32 -23.37 (d) 24.1 38.8 (d) 26.7 -215.8 (d) 26.7 1916 
40 -23.78 (d) 23.8 40.0 (d) 26.9 -209.9 (br s) - 1919 
41 -23.80 (d) 23.8 38.3 (d) 26.1 -217.1 (br d) 24.8 1922 
 
Table 6: A selection of NMR and IR data for the Ru(NHC)(PPh3)(CO)HF complexes 27, 32, 40 and 
41 (a values reported at 339 K). 
 
Interestingly, cooling toluene-d8 solutions of 40 and 41 in the presence of PPh3 resulted 
in conversion to the bis-phosphine complexes Ru(IPr)(PPh3)2(CO)HF (43) and 
Ru(SIPr)(PPh3)2(CO)HF (44) by NMR spectroscopy (see Table 7 for pertinent NMR 
and IR values). As observed for 27 and 32, cooling 40 to 201 K in the presence of 2.6 
equivalents of PPh3 resulted in complete conversion to 43, although when 41 was 
cooled to 201 K, both 41 and 44 were present as a 1:1 mixture. The IR spectra of 40 and 
41 (in the presence of one equivalent of PPh3) showed two υCO bands at room 
temperature (40 = 1919, 1906 cm-1; 41 = 1922, 1907 cm-1). The addition of a further 
four equivalents of PPh3 resulted in only the lower frequency υCO stretch remaining 
consistent with just the bis-phosphine complexes being present. 
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Complex 
1H Ru-H 
(δ) 
JHP 
(Hz) 
31P{1H} 
(δ) 
19F 
(δ) 
υCO 
(cm-1) 
30 -5.54 (dd) 123.5, 28.1 35.5 (m), 14.3 (m) -362.1 (br s) 1903 
33 -5.67 (dd) 118.0, 28.0 34.4 (m), 15.7 (m) -360.7 (br s) 1902 
43 -5.53 (dd) 124.5, 26.0 32.8 (m), 14.9 (m) -369.1 (br s) 1906 
44 -5.71 (dd) 121.5, 24.9 30.8 (m), 15.5 (m) -367.0 (br s) 1907 
 
Table 7 : A selection of pertinent NMR and IR data for the Ru(NHC)(PPh3)2(CO)HF complexes 30, 
33, 43 and 44. 
 
3.1.4.1 Synthesis of Ru(IPr)(PPh3)(CO)2HF (45) and Ru(SIPr)(PPh3)(CO)2HF (46) 
 
Complexes 40 and 41 were successfully trapped as the 18-electron di-carbonyl 
complexes Ru(IPr)(PPh3)(CO)2HF (45) and Ru(SIPr)(PPh3)(CO)2HF (46). Both 
complexes displayed similar features by 1H, 31P{1H} and 19F NMR spectroscopy 
(shown in Table 8), although 45 displayed a JFH splittingly of 7.2 Hz on the Ru-F 
resonance. Why JFH splittings were not observed for complexes 31, 34 and 46 is unclear, 
as the Ru-H resonances show the corresponding JHF splitting. The addition of anhydrous 
CsF had no effect on the appearance of the Ru-F resonances of 31, 34 and 46.  
 
Complex 
1H Ru-H 
(δ) 
JHP/ JHF 
(Hz) 
31P{1H} 
(δ) 
JPF 
(Hz) 
19F 
(δ) 
JHP/ JHF 
(Hz) 
vCO 
(cm-1) 
31 -3.29 (dd) 
22.4 
7.7 
39.5 (d) 22.5 -397.0 (d) 22.5 
2026 
1950 
34 -3.53 (dd) 
22.6 
7.7 
38.7 (d) 22.5 -399.5 (d) 22.5 
2027 
1950 
45 -3.32 (dd) 
22.6 
7.2 
40.0 (d) 21.9 -403.4 (dd) 
21.9 
7.2 
2027 
1947 
46 -3.51(dd) 
23.4 
7.8 
39.8 (d) 24.4 -404.5 (d) 24.4 
2025 
1962 
 
Table 8: A selection of pertinent NMR and IR data for the Ru(NHC)(PPh3)(CO)2HF complexes 31, 
34, 45 and 46. 
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3.1.4.1 Solid-state characterisation of Ru(IPr)(PPh3)(CO)2HF (45) and  
Ru(SIPr)(PPh3)(CO)2HF (46) 
 
Crystals of 45 (Figure 15) and 46 (Figure 16) were obtained from benzene/hexane. 46 is 
disordered across the F-Ru-CO bond in a 1:1 ratio, with the asymmetric unit containing 
two half occupancy water molecules that are within hydrogen bonding distances to the 
disordered fluorine nuclei. The hydrogen atoms of both water molecules could not be 
reliably located and were omitted from refinement. Both 45 and 46 have distorted 
octahedral geometries with the CNHC-Ru-P angle bent towards the hydride. The degree 
of distortion is similar in 46 (164.74(7)°) to those in 31 (164.65(7)°) and 34 
(165.37(6)°) but further away from linear in 45 (160.48(8)°). The bond lengths for all 
four complexes are similar, although 45 and 46 do have slightly shorter Ru-F bonds 
than 31 and 34 (31 = 2.0697(14), 34 = 2.0704(13), 45 = 2.044(4), 46 = 2.0572(14) Å). 
In the case of 45, this can be discounted due to the disorder across the F-Ru-CO bonds. 
 
 
 
Figure 15: Molecular structure of Ru(IPr)(PPh3)(CO)2HF (45). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and H2O molecules 
are omitted for clarity. 
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Figure 16: Molecular structure of Ru(SIPr)(PPh3)(CO)2HF (46). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity. 
 
 
 31 34 45 46 
Ru-CNHC 2.097(2) 2.106(2) 2.092(3) 2.097(2) 
Ru-COtrans to F 1.832(3) 1.830(2) 1.883(3) 1.835(3) 
Ru-COtrans to H 1.978(3) 1.977(3) 1.983(3) 1.976(3) 
Ru-P 2.3502(6) 2.3565(6) 2.3572(9) 2.3480(6) 
Ru-F 2.0697(14) 2.0704(13) 2.044(4) 2.0572(14) 
CNHC-Ru-P 164.65(7) 165.37(6) 160.48(8) 164.74(7) 
F-Ru-CNHC 88.07(8) 88.67(7) 84.52(17) 92.16(7) 
F-Ru-COtrans to F 173.94(9) 173.66(9) 173.1(4) 172.17(9) 
F-Ru-COtrans to H 93.17(9) 93.62(9) 100.01(16) 91.34(9) 
F-Ru-P 84.15(4) 84.14(4) 93.01(16) 85.56(4) 
P-Ru-COtrans to F 95.70(8) 95.70(7) 86.7(5) 92.67(8) 
P-Ru-COtrans to H 92.44(8) 91.87(7) 99.70(10) 85.56(4) 
N-CRu-N 103.0(2) 107.36(18) 103.5(2) 107.3(2) 
 
Table 9: A comparison of selected bond lengths (Å) and angles (°) for 
Ru(IMes)(PPh3)(CO)2HF (31), Ru(SIMes)(PPh3)(CO)2HF (34), Ru(IPr)(PPh3)(CO)2HF (45) and 
Ru(SIPr)(PPh3)(CO)2HF (46). 
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3.1.4.2 Synthesis of Ru(IPr)(PPh3)2(CO)H2 (47) and Ru(SIPr)(PPh3)2(CO)H2 (48) 
 
Although it was not possible to isolate 40 and 41 from the residual ‘free’ PPh3 in 
solution, the complexes were reacted with Et3SiH. The addition of 5 equivalents of 
Et3SiH to benzene solutions of 40 and 41 yielded quantitative conversion to the 
bis-phosphine dihydride complexes Ru(IPr)(PPh3)2(CO)H2 (47) and 
Ru(SIPr)(PPh3)2(CO)H2 (48) within 5 minutes. Both complexes displayed two hydride 
signals with doublet of doublet of doublet multiplicities. The 31P{1H} NMR spectra 
contained two doublets at very similar frequencies to those for 29 and 39 (see Table 10), 
while in the 13C{1H} NMR spectra, the carbenic carbon resonances for 48 (δ 231.3) 
were shifted to a higher frequency compared with 47 (δ 202.8). A selection of pertinent 
resonances for 29, 39, 47 and 48 are shown in Table 10.  
 
Complex 
1H Ru-H 
(δ) 
JHP  
(Hz) 
JHH  
(Hz)
31P{1H}
(δ) 
JPP  
(Hz)
13C{1H}  
(δ) 
JCP 
 (Hz) 
291,4  
-6.36 (ddd) 
-8.08 (ddd) 
26.8, 23.6 
81.2, 33.6 
6.0 
6.0 
59.0 (d)
47.8 (d)
14.8 
205.2 (t, CO) 
197.7 (dd, NCN) 
8.8 
75.5, 6.7 
39 
-6.63 (ddd) 
-8.20 (ddd) 
24.4, 22.8 
77.4, 33.3 
5.6 
5.6 
57.4 (d) 
47.6 (d)
15.8 
224.9 (dd, NCN) 
205.7 (dd, CO) 
72.1, 6.5 
8.7, 8.5 
47 
-6.27 (ddd) 
-8.14 (ddd) 
23.7, 23.6 
82.9, 31.2 
5.6 
5.6 
57.6 (d) 
44.6 (d)
13.7 
205.6 (dd, CO) 
202.8 (dd, NCN) 
8.7, 8.4  
75.8, 7.6 
48 
-6.47 (ddd) 
-8.40 (ddd) 
25.4, 20.4 
77.2, 32.3 
4.8 
4.8 
55.2 (d) 
44.5 (d)
16.0 
231.3 (dd, NCN) 
205.7 (dd, CO) 
72.2, 5.9 
8.6, 7.9 
 
Table 10: Pertinent NMR and IR values for the Ru(NHC)(PPh3)2(CO)H2 complexes 29, 39, 47 and 
48. 
 
3.1.4.2.1 Solid-state characterisation of Ru(IPr)(PPh3)2(CO)H2 (47) and 
Ru(SIPr)(PPh3)2(CO)H2 (48) 
 
Crystals of 47 and 48 suitable for characterisation by X-ray crystallography were 
obtained from THF/hexane. The molecular structures of 47 and 48 displayed distorted 
octahedral structures, with trans-CNHC-Ru-P angles of 152.83(11) and 151.87(9)° 
respectively. Both angles are significantly closer to linear than observed in the 
analogous complexes 29 (146.33(5)°)4 and 39 (145.49(9)°). The Ru-CNHC, Ru-CO and 
Ru-Ptrans to H bond lengths are indistinguishable for 47 (2.087(4), 1.897(5) and 
2.3832(11) Å respectively) and 48 (2.085(3), 1.889(4) and 2.3850(9) Å respectively). 
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When compared with the less sterically encumbered complexes 29 and 39, the Ru-CNHC 
bond lengths are similar for all four complexes, but the Ru-P bonds are longer for 47 
and 48 (see Table 11). 
 
 294 39 47 48 
Ru-NHC 2.0956(17) 2.097(3) 2.087(4) 2.085(3) 
Ru-CO 1.9145(17) 1.910(3) 1.897(5) 1.889(4) 
Ru-Ptrans to NHC 2.2985(5) 2.3058(8) 2.3333(12) 2.3473(9) 
Ru-Ptrans to H 2.3628(4) 2.3622(10) 2.3832(11) 2.3850(9) 
trans-CNHC-Ru-P  146.33(5) 145.49(9) 152.83(11) 151.87(9) 
cis-CNHC -Ru-P 104.94(5) 106.30(10) 104.11(11) 104.69(9) 
OC-Ru-Ptrans to NHC 94.76(5) 94.71(10) 92.13(14) 93.27(11) 
OC-Ru-Pcis to NHC 100.65(5) 100.36(11) 98.65(14) 97.63(11) 
N-CRu-N 101.55(14) 105.3(3) 101.5(3) 105.3(3) 
 
Table 11: A comparison of selected bond lengths (Å) and angles (°) for 
Ru(IMes)(PPh3)2(CO)H2 (29),4 Ru(SIMes)(PPh3)2(CO)H2 (39), Ru(IPr)(PPh3)2(CO)H2 (47) and 
Ru(SIPr)(PPh3)2(CO)H2 (48). 
 
 
Figure 17: Molecular structure of Ru(IPr)(PPh3)2(CO)H2 (47). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity. 
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Figure 18: Molecular structure of Ru(SIPr)(PPh3)2(CO)H2 (48). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity. 
 
3.2 Reactivity studies of Ru(NHC)(PPh3)2(CO)H2 (39, 47 and 48)  
 
3.2.1 Reactions with CO 
 
The addition of one atmosphere of CO to benzene solutions of 39, 47 or 48 resulted in 
the formation of a new doublet hydride resonance corresponding to the di-carbonyl 
species Ru(NHC)(PPh3)(CO)2H2 (NHC = SIMes (49), IPr (50), SIPr (51) (see Figure 19 
for geometry and the experimental section for selected NMR data) within one hour at 
room temperature. Attempts to isolate 49-51 were prevented by their further reaction to 
the tri-carbonyl species Ru(NHC)(PPh3)(CO)3 (NHC = SIMes (52), IPr (53), SIPr (54)) 
(see Figure 19 for geometry and Table 12 for selected NMR data). After 12 hours at 
room temperature, the mono-carbonyl (39, 47, 48), di-carbonyl (49-51) and tri-carbonyl 
species (52-54) were all present in solution. Full conversion to the latter was achieved 
by addition of a fresh CO atmosphere and standing for a further 12 hours at room 
temperature. The same behaviour was also observed for 29 which led to the tri-carbonyl 
species Ru(IMes)(PPh3)(CO)3 (55) after 12 hours.4  
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Figure 19 
 
All three compounds (52-54) displayed free rotation around the Ru-CNHC bond in line 
with 55.4 As such singlet resonances for the CH or CH2 protons of the NHC backbone 
were observed in the 1H NMR spectra of all four complexes (δ 3.38 (52), 6.58 (53), 3.53 
(54), 6.26 (55)4). There was very little variation in the major resonances of the 31P{1H} 
and 13C{1H} NMR spectra for all four compounds (see Table 12), apart from the 
expected shift of the carbenic carbon resonances for the saturated NHC compounds 52 
(δ 215.3) and 54 (δ 219.4) to a higher frequency relative to those of the unsaturated 
analogues 53 (δ 190.6) and 55 (δ 185.5).4,23 The IR spectra of the Ru0 compounds, 
52-54 exhibit single low frequency υCO resonances (1866, 1870, 1872 cm-1 
respectively), consistent with 55 (1872 cm-1) and Ru(ICy)(PPh3)(CO)3 (1873 cm-1).23 
 
Complex 
31P{1H} 
(δ) 
13C{1H} 
(δ) (Ru-CO) 
JCP 
(Hz) 
13C{1H} 
(δ) (Ru-NCN) 
JCP 
(Hz) 
υCO 
(cm-1) 
52 59.7 (s) 212.6 (d) 17.0 215.3 (d) 61.0 1866 
53 58.6 (s) 211.5 (d) 17.3 190.6 (d) 65.5 1870 
54 59.8 (s) 211.5 (d) 16.9 219.4 (d) 63.3 1872 
554,23 60.6 (s) 211.7 (d) 16.6 185.5 (d) 64.9 1872 
 
Table 12: A selection of pertinent NMR and IR data for the Ru(NHC)(PPh3)(CO)3 complexes 52-55. 
 
3.2.1.1 Solid-state structures of Ru(NHC)(PPh3)(CO)3 (SIMes = 52, IPr = 53, SIPr = 54 and 
IMe4 = 15)  
The molecular geometries of 52-54 and 15 (see Chapter 2, section 2.2.6) were 
elucidated by X-ray crystallography (Figure 20-23). All four structures displayed 
distorted trigonal-bipyramidal geometries, with the NHC and phosphine ligands in the 
axial sites. The CNHC-Ru-P angles are distorted from linear in all four complexes, with 
those containing the less sterically demanding NHCs ca. 3° more acute (52 = 
174.11(5)°, 55 = 174.7(6)°, 15 = 174.16(5)°) than 53 (177.57(5)°) and 54 (177.58(4)°). 
The OC-Ru-CO angles are distorted such that the ideal value of 120° is not imposed, 
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behaviour also apparent in Ru(PPh3)2(CO)3 (128.0-114.7°),39,40 Interestingly the 
distortion from 120° is greater for the IMes and SIMes complexes 52 (128.38(8)-
109.85(7)°) and 55 (128.54(12)-110.28(11)°), than in either of the more sterically 
encumbered 53-54 (123.94(9)-115.48(8) and 124.58(7)-115.35(6)° respectively) or the 
least sterically encumbered 15 (123.05(9)-114.56(9)°). The Ru-CO bond lengths for 
52-54 (1.9150(14)-1.9279(15), 1.9205(19)-1.929(2), 1.9174(15)-1.9315(16) Å 
respectively) and 15 (1.904(2)-1.929(2) Å), are similar and within the range reported for 
Ru(PPh3)2(CO)3 (1.895(10)-1.925(8) Å)39,40 and 55 (1.906(3)-1.924(2) Å).4 The 
Ru-CNHC bond lengths are similar for complexes 52 (2.1117(12) Å), 54 (2.1193(14) Å), 
and 55 (2.111(2) Å) but are slightly longer in 53 (2.1268(17) Å). This is clearly not a 
steric effect as 15 (which contains the least sterically encumbered carbene IMe4) also 
displays a longer Ru-CNHC bond (2.1239(18) Å). A list of selected bond lengths and 
angles for complexes 52-55 and 15 are shown in Table 13. 
 
 
 
Figure 20: Molecular structure of Ru(SIMes)(PPh3)(CO)3 (52). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent 
molecules are omitted for clarity. 
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Figure 21: Molecular structure of Ru(IPr)(PPh3)(CO)3 (53). Thermal ellipsoids are represented at 
30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) are omitted for clarity. 
 
 
 
 
Figure 22: Molecular structure of Ru(SIPr)(PPh3)(CO)3 (54). Thermal ellipsoids are represented at 
30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) are omitted for clarity. 
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Figure 23: Molecular structure of Ru(IMe4)(PPh3)(CO)3 (15). Thermal ellipsoids are represented at 
30 % probability. Hydrogen atoms (except Ru-H and NHC backbone CHs) and solvent molecules 
are omitted for clarity. 
 
 
 52 53 54 554 15 
Ru-CNHC 2.1117(12) 2.1268(17) 2.1193(14) 2.111(2) 2.1239(18) 
Ru-CO 1.9150(14) 1.9205(19) 1.9174(15) 1.906(3) 1.904(2) 
Ru-CO 1.9272(15) 1.923(2) 1.9267(15) 1.918(2) 1.916(2) 
Ru-CO 1.9279(15) 1.929(2) 1.9315(16) 1.924(2) 1.929(2) 
Ru-P 2.3372(7) 2.3340(5) 2.3409(4) 2.3340(6) 2.3408(5) 
CNHC-Ru-P 174.11(5) 177.57(5) 177.58(4) 174.7(6) 174.16(5) 
OC-Ru-CO 128.38(8) 123.94(9) 124.58(7) 128.54(12) 123.05(9) 
OC-Ru-CO 121.17(8) 119.32(9) 118.72(7) 120.66(12) 122.29(9) 
OC-Ru-CO 109.85(7) 115.48(8) 115.35(6) 110.28(11) 114.56(9) 
N-CRu-N 106.74(16) 102.71(14) 105.77(11) 102.70(19) 103.40(8) 
 
Table 13: A comparison of selected bond lengths (Å) and angles (°) for Ru(SIMes)(PPh3)(CO)3 (52), 
Ru(IPr)(PPh3)(CO)3 (53), Ru(SIPr)(PPh3)(CO)3 (54), Ru(IMes)(PPh3)(CO)3 (55)4 and 
Ru(IMe4)(PPh3)(CO)3 (15). 
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3.2.2 Reactions with D2
 
Placing benzene solutions of 39, 47 or 48 under one atmosphere of D2 for 24 hours 
resulted in formation of the dideuteride species Ru(NHC)(PPh3)2(CO)D2 all in ca. 78 % 
yield along with lesser amounts of the two H/D isotopomers Ru(NHC)(PPh3)2(CO)HD, 
in equal ratios. A similar reaction was observed for the N-alkyl substituted NHC 
complex Ru(ICy)(PPh3)2(CO)H2.41 After 16 hours under 1 atm. of D2 at 323 K the H/D 
isotopomers Ru(ICy)(PPh3)2(CO)HD were obtained, with full conversion to 
Ru(ICy)(PPh3)2(CO)D2 achieved after 3 days.41 Attempts to enforce full conversion to 
Ru(NHC)(PPh3)2(CO)D2 for 39, 47 and 48 were unsuccessful as prolonged reaction 
times or the addition of further D2 resulted in broadening of the 31P NMR signals, 
suggestive of H/D exchange into the ortho-phenyl positions of the PPh3 ligands. This 
was confirmed by NMR monitoring of Ru(IPr)(PPh3)2(CO)D2 (ca. 78 % RuD2) at 322 K 
for 1.5 h which showed clear H/D exchange into the ortho-phenyl protons, to give a 
mixture of the RuD2, RuHD and RuH2 species. 
 
Caulton and co-workers have also observed the formation of H/D isotopomers in the 
reaction of Ru(dtbpe)(CO)2H2 with D2. They propose that this reaction proceeds via a  
‘RuH2D2’ intermediate species in which one of the phosphorus termini is dissociated 
from the ruthenium.42 It was initially thought a similar mechanism must be occurring in 
our reactions, as analysis of the 31P{1H} NMR spectra of 39, 47 and 48 with D2 
displayed free PPh3 (signals also showed deuterium incorporation into the ortho 
positions of the phenyl group). However, when a sample of ca. 78 % D labelled 
Ru(IPr)(PPh3)2(CO)D2 was reduced to dryness and stored under argon, analysis of the 
compound over a period of 4 weeks by solution NMR showed incorporation of 
deuterium into the ortho positions of the phenyl groups of PPh3 with conversion to the 
dihydride product 47 (ca. 61 % after 4 weeks). This is clearly not a solution reaction, 
since the solutions were analysed immediately after dissolution of the solid, with D2 
exchange in solution occurring over a longer period of time (see above). Thus the solid-
state reaction would appear to indicate that the reaction with D2 does not occur via 
ligand dissociation, but via another as yet undetermined process.  
 
Kubas and co-workers have also observed solid-state H/D incorporation. The complex 
W(PCy3)2(CO)3(η2-H2) undergoes conversion to a statistical mixture of 
W(PCy3)2(CO)3(η2-H2), (η2-HD) and (η2-D2) upon treatment with one atmosphere of 
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D2.43,44 To confirm solid-state exchange in our system, solid samples of 39, 47 and 48 
were left under an atmosphere of D2 for 7 days. Analysis by 1H NMR spectroscopy in 
C6D6 (after removal of D2) showed conversion to a mixture of Ru(NHC)(PPh3)2(CO)D2 
(ca. 70 %) and the H/D isotopomers Ru(NHC)(PPh3)2(CO)HD for all complexes (NHC 
= SIMes, IPr, SIPr).  
 
3.2.3 Reactions with Et3N·3HF, C6F6 and C6F5H 
 
The four dihydride complexes Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48)  react with 
Et3N·3HF at room temperature to yield the 16-electron hydride fluoride complexes 
Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41) and one equivalent of triphenylphosphine. 
Previous reports have shown that Ru(II) hydride complexes can activate C-F bonds 
under relatively mild conditions,45,46 and therefore, it was decided to investigate the 
reactivity of 29, 39, 47 and 48 with a range of fluoroarenes. When THF-d8 solutions of 
39, 47 and 48 were each heated at 343 K for 15 hours in the presence 10 equivalents of 
C6F6, quantitative conversion to the hydride fluoride complexes 32, 40 and 41 were 
achieved, along with the production of one equivalent of PPh3 and C6F5H.47 The same 
reaction with 29 also produced C6F5H and 27, however the formation of 27 was also 
accompanied by carbene loss forming 1 in a 3:2 ratio. Further studies with the IPr 
complex 40 found that C-F activation also occurred with C6F5H to give 47 and the 
hydrodefluorination (HDF) product C6F4H2. In contrast to previous reports involving 
the reactions of ruthenium hydride complexes with C-F bonds,46,48 there was no 
evidence by 1H or 19F NMR spectroscopy for the formation of any ruthenium fluoroaryl 
hydride complexes with either C6F5H or C6F6. 
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Figure 24: Interconversion of Ru(NHC)(PPh3)(CO)HF and Ru(NHC)(PPh3)2(CO)H2 from reaction 
with Et3SiH and C6F6 or C6F5H. 
 
3.3 Catalytic hydrodefluorination (HDF) of fluoroarenes  
 
3.3.1 Catalytic HDF of C6F6 and C6F5H 
 
In light of the interconversion of the hydride fluoride complexes 
Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41) and the dihydride complexes 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48) with Et3SiH and C6F6 or C6F5H (Figure 
24), the catalytic activity of these complexes was screened with C6F6. Unfortunately, 
due to rapid room temperature reaction between Et3SiH and the hydride fluoride 
complexes 27, 32, 40 and 41 it was not possible to use these as precursors, and so only 
the dihydride complexes 29, 39, 47 and 48 were studied. Standard THF solutions of 
10 mol% catalyst (0.01 M) were combined with C6F6 (0.1 M) and two equivalents of 
Et3SiH (0.02 M) and heated at 343 K for 19.75 hours (see Table 14, entries 1-4). The 
TONs were calculated by integration of the 19F NMR resonances to an external standard 
of α,α,α-trifluorotoluene (a relaxation delay (d1) of 20 seconds was required to allow 
accurate integration of the 19F NMR resonances). All four complexes produced TONs 
sufficient to indicate true catalytic behaviour. As well as the mono HDF product C6F5H, 
the secondary HDF product C6F4H2 was also obtained for all complexes. The IPr 
complex 47 proved to be the most effective catalyst with a TON of 7.4, followed by the 
SIMes complex 39 (TON = 6.1), IMes complex 29 (TON = 3.9) and the SIPr complex 
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48 (TON = 1.8). It was initially believed that the TON value was based purely on 
stability, as analysis of the THF solutions after the 19.75 hours found that only complex 
47 was still present in solution, with complexes 29, 39 and 48 having degraded to the 
carbene loss product Ru(PPh3)3(CO)H2 as the major identifiable species. However, 
when a series of kinetic experiments were performed under similar conditions except at 
the slightly lower temperature of 339 K (just below boiling point of the solution to 
allow for shimming of the NMR spectra) and in the presence of one equivalent of 
Et3SiH (0.1 M) (Et3SiH concentration has no effect on reaction rate (see section 3.3.2)) 
it was found that the rate of reaction followed the same order as TON, 47 (IPr) > 39 
(SIMes) > 29 (IMes) > 48 (SIPr) (see Figure 25). Thus, indicating that the NHC not 
only alters the stability of the complex but also the rate of the reaction. To confirm the 
importance of the NHC in the HDF process, a THF solution of Ru(PPh3)3(CO)H2 was 
heated at 343 K with C6F6. As expected, no reaction was observed. 
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Figure 25: Time course plot of the catalytic HDF of C6F5H (THF, 339 K) by 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48) showing the changes in rate upon variation of the 
Ru-NHC precursor ([Et3SiH] = [C6F5H] = 0.1 M, [Ru] = 0.01 M).   
  91 
Chapter 3  N-aryl NHC chemistry 
 
Entry Catalyst Product distribution (%) Selectivity (%) TON TOF (h-1) 
1 29 (IMes) 
C6F5H (18.0)  
1,2,3,4-C6F4H2 (10.3) 
1,2,4,5-C6F4H2 (0.3) 
- 3.9 0.20 
2 39 (SIMes) 
C6F5H (44.9)  
1,2,3,4-C6F4H2 (7.6) 
1,2,4,5-C6F4H2 (0.5) 
- 6.1 0.31 
3 47 (IPr) 
C6F5H (32.2) 
1,2,3,4-C6F4H2 (19.9) 
1,2,4,5-C6F4H2 (0.9) 
- 7.4 0.37 
4 48 (SIPr) 
C6F5H (14.2) 
1,2,3,4-C6F4H2 (1.6) 
1,2,4,5-C6F4H2 (0.1) 
- 1.8 0.09 
5 29 (IMes) 
1,2,3,4-C6F4H2 (10.9) 
1,2,4,5-C6F4H2 (0.9) 
92.2 1.3 0.07 
6 39 (SIMes) 
1,2,3,4-C6F4H2 (61.2) 
1,2,4,5-C6F4H2 (1.1) 
98.2 6.3 0.32 
7 47 (IPr) 
1,2,3,4-C6F4H2 (67.7) 
1,2,4,5-C6F4H2 (1.6) 
97.7 7.0 0.35 
8 48 (SIPr) 
1,2,3,4-C6F4H2 (24.8) 
1,2,4,5-C6F4H2 (1.0) 
96.2 2.7 0.14 
 
Table 14: Catalytic hydrodefluorination (HDF) of C6F6 (entries 1-4) and C6F5H (entries 5-8) with 
Et3SiH by Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48). 
 
The major HDF product of C6F6 for all complexes (29, 39, 47, 48) was C6F5H. 
However, of more interest was that the major regio-isomer of C6F4H2 was 
1,2,3,4-C6F4H2 and not 1,2,4,5-C6F4H2.47 The same regioselectivity was also observed 
in the non-catalytic reactions of complexes 29, 39, 47 and 48, with 10 equivalents of 
C6F5H, with all complexes yielding 1,2,3,4-C6F4H2 in quantitative yield.  
 
To further probe this regioselectivity, a second screen was undertaken, using the same 
conditions as previously described, except replacing C6F6 with C6F5H (0.1 M). There 
was little variation in the TON achieved on switching C6F6 for C6F5H (Table 14, entry 
5-8), with 47 again achieving the largest TON (7.0). The selectivity for 1,2,3,4-C6F4H2 
was seen to vary slightly for each complex (98.2-92.2 %) with the greatest selectivity 
afforded by complex 39. Comparison of the TONs for the HDF of C6F6 and C6F5H with 
those previously reported by Holland and co-workers using β-diketiminate iron(II) 
fluoride and hydride complexes with R3SiH49 (see Chapter 1, Figure 19) indicates that 
under these conditions both 39 and 47 demonstrate greater reactivity. The largest TON 
achieved for C6F6 by Holland was 2.5 after 4 days at 318 K (TOF = 0.026 h-1), while 
HDF of C6F5H gave a TON of just 0.2 after 4 days at 318 K (TOF = 0.002 h-1).49 
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However, the HDF of C6F5H contrasts with our system as it is 100 % regioselective for 
1,2,4,5-C6F4H2.  
 
Milstein and co-workers have also reported 1,2,4,5-C6F4H2 to be the sole regio-isomer 
from the HDF of C6F5H (see Chapter 1, Figure 18). Rh(PMe3)3(C6F5), C6F5H and 
(EtO)3SiH gave a TON of 33 at 367 K (TOF = 0.69 h-1),50 while Rh(PMe3)3(C6F5) and 
C6F5H in the presence of 85 psi of H2 gave a TON of 6.6 after 17 hours (TOF = 
0.39 h-1).51,52 These TONs are higher than those reported for complexes 29, 39, 47 and 
48, and the rhodium reactions were carried out at significantly lower catalyst loadings 
(0.22-0.29 mol%). Prompted by the good selectivity and high stability of 47, HDF of 
C6F5H with Et3SiH was probed at the lower catalyst loading of 0.21 mol% (no solvent). 
At 343 K complex 47 was found to be stable for a period up to 400 hours, after which a 
TON of 202 was achieved and hence a turnover frequency (TOF) of 0.51 h-1. This could 
be further increased to 0.86 h-1 (TON of 62.2 after 72 h) by raising the temperature to 
363 K. Increasing the temperature still further to 393 K resulted in a TOF of only 
0.16 h-1 (TON of 11.6 after 72 h) presumably due to the decomposition of the catalyst at 
this temperature. 
 
Further studies of the catalytic HDF of C6F5H with Et3SiH by 47 were carried out by 
altering the reaction solvent. A decrease in TON by a factor of two was found upon 
moving from THF to benzene (Table 15, entry 1 and 3), while undertaking the reaction 
in toluene and increasing the temperature to 393 K resulted in a TON of 6.5 (Table 15. 
entry 4), which is lower than when the reaction was undertaken in THF at 343 K. 
Holland and co-workers have attributed a similar change in the rate of reaction to the 
effect of solvent polarity on the catalyst.49 While this is a perfectly feasible explanation 
for the solvent dependence of TON in our catalytic system, another contributing factor 
may be a side reaction involving solvent C-H activation. When the HDF of C6F6 and 
C6F5H was carried out in C6D6 and C6D5CD3, the formation of C6F5D53 and C6F4D253 
was observed along with C6F5H and C6F4H2 (it is assumed that C6F4DH is also formed 
in the reaction, but as the 19F NMR resonances are overlaid with those for C6F4H2 we 
are unable to prove this definitively) (see Figure 26). The deuterated fluorocarbons 
equate to between 6-15 % of the protio fluorinated material, with the value dependent 
on both the solvent and the starting fluorocarbon. No deuterium incorporation was 
observed in THF-d8 indicating that activation of sp3-hybridised C-H bonds does not 
occur.  
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Figure 26: 19F NMR spectrum for the HDF reaction of C6F6 in toluene-d8 (376 MHz, 298 K). The 
expansion shows the presence of deuterium incorporation at the ortho-fluorine positions.
 
The activation of the aromatic solvent C-H/C-D bonds is unsurprising considering that 
previous reports have stated that the thermolysis of 29 in C6D6 led to 
Ru(IMes)(PPh3)2(CO)HD, Ru(IMes)2(PPh3)(CO)H2, Ru(IMes)2(PPh3)(CO)HD, 
Ru(PPh3)3(CO)H2 and Ru(PPh3)3(CO)HD1,4 (the decomposition of 29 upon thermolysis 
in C6D6 may also rationalise why the non-catalytic reaction of 29 with 10 equivalents of 
C6F6 forms 27 and 1, along with C6F5H). Leitner and co-workers have also reported 
deuterium incorporation from C6D5CD3 at room temperature in the dihydrogen 
dihydride complex Ru(IMes)(PCy3)(η2-H2)2H2. The deuterium was incorporated not 
only as Ru-D and Ru-(η2-D2), but also in the ortho-mesityl groups of the IMes ligand.54  
 
There is also evidence to suggest that a competing C-H activation reaction takes place 
with C6F5H and C6F4H2 in THF. After 19.75 h at 343 K the HDF of C6F5H by 47 has a 
TON of 7.0. If this value is extrapolated, it could be considered that complete 
conversion of C6F5H to C6F4H2 (TON = 10.0) should be achieved after 48 h, but instead 
a TON of only 8.9 is obtained (Table 15, entry 2). Analysis of the solution at this time 
indicated that 47 was intact and since HDF does not take place for 1,2,3,4-C6F4H2 and 
1,2,4,5-C6F4H2 (see section 3.3.3) there must be competing C-H/C-F activation for  
C6F5H and C6F4H2. 
ppm
Et3SiF 
C6F6
A 
B 
C D 
E 
A & B
A & B D & E 
A = C6F5H 
B = C6F5D 
C = 1,2,4,5-C6F4H2
D = 1,2,3,4-C6F4H2
E = 1,2,3,4-C6F4D2
  94 
Chapter 3  N-aryl NHC chemistry 
Altering the substituents on the silane was observed to effect the rate of HDF (Figure 
27) and TON (Table 15) of C6F5H by 47. Et3SiH proved to be the most effective 
Solvent Silane Product distribution  (%) 
Selectivity  
(%) TON 
TOF 
 (h-1) 
reductant (Table 15, entry 1), while increasing the steric bulk of the R group resulted in 
a decrease in both activity and selectivity. When the silane was iPr3SiH, the reaction had 
a slightly lower TON of 6.2 and selectivity of 98.1 % (Table 15, entry 5), while Ph3SiH 
resulted in a TON of 4.9 and selectivity of 95.0 % (Table 15, entry 7). Similarly 
changing the electronic structure at the silicon also effected the catalytic reaction. Using 
Ph2MeSiH resulted in the lowest selectivity for 1,2,3,4-C6F4H2 (84.6 %, Table 15, entry 
6), while (EtO)3SiH essentially shut down the reaction altogether (TON = 0.3, Table 15, 
entry 8).  
 
Entry 
1 THF Et SiH 1,2,3,4-C6F4H2 (67.7) 1 7.0 3 ,2,4,5-C6F4H2 (1.6) 
97.7 0.36 
2a THF Et SiH 1,2,3,4-C 0) 97.9 8.9 0.20 
3 benzene Et SiH 98.4 3.3 0.17 
4b toluene Et SiH 96.3 6.5 0.33 
5 THF iPr SiH 98.1 6.2 0.32 
6 THF Ph MeSiH 6 4 2 84.6 4.3 0.22 
7 THF Ph SiH 95.0 4.9 0.25 
8 THF (EtO) SiH 88.7 0.3 0.02 
3
6 4 2
1,2,4,5-C
F H  (86.
6F4H2 (1.8) 
3
1,2,3,4-C F H  (31.7) 6 4 2
1,2,4,5-C6F4H2 (0.5) 
3
1,2,3,4-C F H  (62.6) 6 4 2
1,2,4,5-C6F4H2 (2.4) 
3
1,2,3,4-C F H  (60.7) 6 4 2
1,2,4,5-C6F4H2 (1.2) 
2
1,2,3,4-C F H  (35.8) 
1,2,4,5-C6F4H2 (6.5) 
3
1,2,3,4-C F H  (45.8) 6 4 2
1,2,4,5-C6F4H2 (2.4) 
3
1,2,3,4-C F H  (2.5) 6 4 2
1,2,4,5-C6F4H2 (0.3) 
 
Table 15: Ca  H  b H2 (47) with varying nts a ne. 
tanda dit 1 , [C6F5 .1 M, [R  0.01
 a reaction run at 343 at 393 K for 19.75 h. 
I  
as varied in  the reaction 
talytic
rd con
DF of C6F5H
ions: 343 K, 
y Ru(IPr)(PPh3)2(CO) solve
u] =
nd sila
 M.  S 9.75 h, [R3SiH] = 0.2 M
K for 48 h, b
H] = 0
 reaction run 
 
ntriguingly, a kinetic study monitoring the HDF of C6F5H by 47 in which the silane
w dicated that the nature of the silane had a significant effect on
rate. The kinetic study was carried out under standard conditions of [R3SiH] = [C6F5H] 
= 0.1 M and [Ru] = 0.01 M, with the formation of 1,2,3,4-C6F4H2 monitored against an 
internal standard of α,α,α-trifluorotoluene by 19F NMR spectroscopy.55 The kinetic plot 
(Figure 27) showed that the catalytic rate was higher for Ph3SiH (7.45 x 10-7 M-1 s-1) and 
Ph2MeSiH (6.97 x 10-7 M-1 s-1) than for Et3SiH (3.34 x 10-7 M-1 s-1). As the catalytic 
HDF of C6F5H has a lower TON for Ph3SiH (4.9) and Ph2MeSiH (6.2) than for Et3SiH 
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(7.0) this implied that Ph3SiH and Ph2MeSiH must cause degradation of the catalyst 
within the 19.75 hour period. Analysis of the solutions by 1H, 31P{1H} and 19F NMR  
spectroscopy found this to be the case, although it was not possible to indentify any of 
the degradation species. The rates of reaction for the silanes iPr3SiH (1.87 x 10-7 M-1 s-1) 
and (EtO)3SiH (5.95 x 10-8 M-1 s-1), were found to be lower than that for Et3SiH 
(3.34 x 10-7 M-1 s-1) correlating with their TONS.   
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Figure 27: Time course plot for the catalytic HDF of C6F5H by Ru(IPr)(PPh3)2(CO)H2 (47) showing 
the effect of varying the silane on the rate of the catalytic reaction. 
(THF, 339 K, [R3SiH] = [C6F5H] = 0.1 M, [47] = 0.01 M). 
3.3.2 Mechanis
47 is summarised by 
e time course plots shown in Figure 28. In a series of experiments, in which the 
 
tic studies of catalytic HDF of C6F  and C F H 6 6 5
 
A kinetic study of the HDF of C6F5H in the presence of Et3SiH with 
th
formation of 1,2,3,4-C6F4H2 was monitored by 19F NMR spectroscopy, the initial 
concentrations of C6F5H, Et3SiH and 47 were varied while the other two were kept 
constant and the initial rates measured.55,56 The plots indicate a first-order dependence 
with respect to the concentrations of both fluoroarene and ruthenium precursor, and a 
zero-order dependence on concentration of silane (Table 16, Figure 28). The results 
suggest that the rate-limiting step in the catalytic cycle involves activation of the 
fluoroarene. This contrasts with the β-diketiminate iron(II) system reported by Holland, 
in which reaction with the silane was rate-determining. It is worth highlighting at this 
juncture that the iron complex only performed C-F activation when silane was present, 
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whereas the Ru(NHC)(PPh3)2(CO)H2 complexes 29, 39, 47 and 48 were able to directly 
activate C-F bonds. 
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Figure 28: Time course plot of the catalytic HDF of C6F5H by Ru(IPr)(PPh3)2(CO)H2 (47) (THF, 
33
 
Entry [C6F5]0 (M) [Et3SiH]0 (M) [Ru]0 (M) 
Initial rate  
( 7 -1 -1
9 K) showing changes in the initial rates upon varying the concentrations of C6F5H, Et3SiH and
47 versus a standard experiment ([Et
 
3SiH] = [C6F5H] = 0.1 M, [47] = 0.01 M). Entry 4 from Table 
16 has been omitted for clarity.  
x 10  M  s ) 
1 0.1 0.1 0.01 3.34 ± 0.11 
2 0.2 0.1 0.01 6.16 ± 0.17 
3 0.4 0.1 0.01 9.25 ± 0.29 
4 0.1 0.2 0.01 3.44 ± 0.13 
5 0.1 0.4 0.01 3.27 ± 0.13 
6 0.1 0.1 0.005a 2.23 ± 0.66 
 
Table 16: Initial rates for the catalytic HDF of C6F H with Et3SiH using Ru(IPr)(PPh3)2(CO)H2 (47) 
a 
 
5
(THF, 339 K). A kinetic run with [47] = 0.02 M proved unreliable for kinetic analysis due to the 
incomplete solubility of the complex at this concentration. 
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HDF of C6F5H was shut down when either one atmosphere of O2 or three equivalents of 
PPh3 were added (Table 17, entries 3 and 4). This was also found to be the case during 
the non-catalytic HDF of C6F5H or C6F6. Compared to a standard reference experiment 
(Table 17, entry 1), we found that the addition of Et3N or CsF (3 equivalents in each 
case) somewhat reduced the efficiency of the catalysis (Table 17, entries 5 and 7), 
although time course plots for each of these two additives showed no significant change 
to the kinetics (Figure 29). As such, there is no evidence to suggest that fluoride 
promotes activation of the reaction as seen by Edelbach et al. with 
Rh(PMe3)(η5-C5Me5)H2.57 No change in TON or selectivity was observed when HDF of 
C6F5H with Et3SiH was performed under one atmosphere of H2 rather than one 
atmosphere of argon (Table 17, entry 2), showing that at this relatively low pressure 
dihydrogen is not a competent reductant. This was substantiated further by the complete 
removal of silane and the attempted HDF of C6F5H with H2 alone (with 0.5 M Et3N as a 
trap for HF), which failed to give any C6F4H2 even under 3 atmospheres of H2.  
 
Entry Additive Product distribution  (%) 
Selectivity  
(%) TON 
TOF 
 (h-1) 
1 - 1,2,3,4-C6F4H2 (67.7) 1,2,4,5-C6F4H2 (1.6) 
97.7 7.0 0.36 
2 1 atm. H2
1,2,3,4-C6F4H2 (86.0) 
1,2,4,5-C6F4H2 (1.8) 
98.2 6.8 0.35 
3 1 atm. O2
1,2,3,4-C6F4H2 (31.7) 
1,2,4,5-C6F4H2 (0.5) 
79.1 0.7 0.04 
4 0.03 M PPh3
1,2,3,4-C6F4H2 (62.6) 
1,2,4,5-C6F4H2 (2.4) 
87.8 0.4 0.02 
5 0.03 M Et3N 
1,2,3,4-C6F4H2 (60.7) 
1,2,4,5-C6F4H2 (1.2) 
97.3 6.0 0.30 
6 0.03 M DHA 1,2,3,4-C6F4H2 (35.8) 1,2,4,5-C6F4H2 (6.5) 
97.0 5.8 0.29 
7 0.03 M CsF 1,2,3,4-C6F4H2 (45.8) 1,2,4,5-C6F4H2 (2.4) 
97.6 5.6 0.28 
 
Table 17: Catalytic HDF of C6F5H by Ru(IPr)(PPh3)2(CO)H2 (47) under standard conditions 
(343 K, 19.75 h, [Et3SiH] = 0.2 M, C6F5H = 0.1 M, [Ru] = 0.01 M) with various additives. 
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Figure 29: Time course plot of the catalytic HDF of C6F5H by Ru(IPr)(PPh3)2(CO)H2 (47) (339 K, 
THF) showing changes in the initial rates upon addition of Et3N, CsF and DHA versus a standard 
experiment ([Et3SiH] = [C6F5H] = 0.1 M, [47] = 0.01 M). 
 
The most commonly accepted pathways for C-F bond activation involve oxidative 
addition, nucleophilic substitution or electron transfer.58 Neither of the latter two 
mechanisms are consistent with the regioselectivity of 1,2,3,4-C6F4H2 formation as both 
pathways would favour activation of a C-F bond para to the C-H group. Holland has 
also noted that for electron transfer, catalytic conversion should correlate with the 
electron affinity of the perfluoroarene substrate, again something we do not observe (see 
section 3.3.3 for HDF of C6F5CF3 and C5F5N).49 A common tool used for probing 
electron transfer involves addition of a radical trap, such as dihydroanthracene (DHA). 
In our case, we observe a negligible effect on the rate of HDF activity upon addition of 
DHA (Figure 29 and Table 17). 
 
The lack of HDF of C6F6 and C6F5H upon the addition of PPh3 indicated that the 
dissociation of phosphine and formation of a vacant site is important for C-F activation 
to occur. Figure 30 illustrates a possible mechanistic cycle to explain the formation of 
C6F5H from C6F6. The initial step involves phosphine loss to form a 16-electron Ru 
fragment, which then reacts with a C-F bond via oxidative addition/metathesis to form 
Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41). 
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Figure 30: Mechanistic scheme for stoichiometric and catalytic HDF of C6F6 to C6F5H by complexes 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47, 48). 
 
The indication that dissociation of phosphine to form a vacant coordination site was 
possible was strengthened by results from attempting the stoichiometric HDF of C6F6 
(10 equivalents) with 47 in pyridine-d5. When 47 was dissolved in pyridine-d5 there was 
a significant change in the 1H NMR spectrum, with the signals for 47 replaced by two 
doublet of doublet hydride signals at δ -4.10 (JHP = 30.2, JHH = 7.1 Hz) and -15.02 (JHP 
= 24.8, JHH = 7.1 Hz). The absence of a second phosphine coupling and the low 
frequency shift of the hydride at δ -15.02 is indicative of PPh3 being replaced by 
pyridine to generate Ru(IPr)(PPh3)(C5D5N)(CO)H2 (56) (Figure 31).9,59-61 This was 
substantiated by the 31P{1H} NMR spectrum which contained a resonance for 
uncoordinated PPh3, plus a singlet at δ 69.5 for 56. Heating the reaction mixture at 
343 K for 15 hours resulted in formation of C6F5H and a new doublet hydride signal at 
δ -11.47 (JHP = 23.5 Hz) arising from Ru(IPr)(PPh3)(C5D5N)(CO)HF (57) (Figure 31).62 
Complete conversion to 57 was not achieved, with ca. 33 % of 56 present. Despite 
heating the reaction mixture for over 70 h at 343 K, full conversion to 57 was not 
achieved, indicating how a coordinating solvent such as pyridine inhibits C-F activation. 
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Unequivocal evidence for the facile dissociation of phosphine was supported by a series 
of kinetic experiments. The initial rate for the formation of 1,2,3,4-C6F4H2 from C6F5H 
was measured in THF solutions of 47 at various PPh3 concentrations (Table 18, Entries 
1-4). This revealed a close to inverse first order dependence of the catalytic activity on 
phosphine concentration, with the low concentration of PPh3 (experiments were carried 
out with between 0.15 and 0.6 equivalents of PPh3 relative to 47) indicating that the 
trapping of I (Figure 30 and Figure 32) by PPh3 must be very fast. 
 
Entry [C6F5H]0 (M) [Et3SiH]0 (M) [Ru]0 (M) 
Initial rate  
(x 107 M-1 s-1) 
1 0.1 0.1 0.01 3.95 ± 0.12 
2 0.1 0.1 0.01 + 0.0015 M PPh3 3.53 ± 0.15 
3 0.1 0.1 0.01 + 0.003 M PPh3 1.94 ± 0.08 
4 0.1 0.1 0.01 + 0.006 M PPh3 1.35 ± 0.05 
 
Table 18: Initial rates for the catalytic HDF of C6F5H with Et3SiH using Ru(IPr)(PPh3)2(CO)H2 (47) 
and various concentrations of PPh3 (THF-d8, 342 K). 
 
As mentioned previously we propose that stoichiometric HDF (i.e. in the absence of 
R3SiH) of C6F6 by Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47, 48), involves the formation of 
the 16-electron five-coordinate species I (Figure 30). This then interacts with C6F6 to 
form II, in which either of the two accepted binding modes, η2-C6F663-66 or σ-aryl-F-
M,67,68 are adopted. While oxidative addition of C6F6 to give the Ru(IV) complexes 
Ru(NHC)(PPh3)(CO)(C6F5)FH2 is also plausible for II (di69 and polyhydride70,71 Ru(IV) 
compounds have been reported) we believe it is unlikely. Kubas has noted that 
σ-coordination vs. oxidative addition (e.g. M(η2-H2) vs. H-M-H) is highly ligand 
dependent, and that CO ligands tend to favour σ-complexes.72 
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Species II can then undergo subsequent metathesis resulting in the formation of a new 
C-H bond and C6F5H along with the final ruthenium species Ru(NHC)(PPh3)(CO)HF 
(27, 32, 40, 41) (Figure 30). Under catalytic conditions in which R3SiH is present, 27, 
32, 40 or 41 could form a σ-complex with R3SiH (III), which upon silyl group transfer 
would eliminate R3Si-F and reform I (Figure 30). Attempts to observe a silyl complex 
III were unsuccessful. Low temperature (203 K) observation of the reaction of 41 with 
Et3SiH by NMR spectroscopy showed only resonances for 41, the bis-phosphine 
hydride fluoride complex 43 and the dihydride complex 47. 
 
The formation of 1,2,3,4-C6F4H2 from the hydrodefluorination of C6F5H is consistent 
with the mechanism shown in Figure 32, in which I initially reacts to give complex IV 
(e.g. η2-C6F5H) in which the C-H bond (rather than C-F) is primed for reaction. 
Subsequent metathesis and elimination of H2 would leave the fluoroaryl complex 
Ru(NHC)(PPh3)(CO)(C6F5)H (V). We then postulate that V could undergo a β-F 
transfer from the ring to the metal to give the tetrafluorobenzyne hydride fluoride 
species VI. Subsequent hydrogen transfer from ruthenium to the ring would yield an 
o-C6F4H complex VII, which then re-coordinates H2 (VIII) and undergoes metathesis, 
releasing 1,2,3,4-C6F4H2 and resulting in Ru(NHC)(PPh3)(CO)HF (27, 32, 40, 41).  
 
We have been able to confirm the formation of the fluoroaryl complex V by reaction of 
32 with 10 equivalents of C6F5H and Et3SiH (in the absence of PPh3) in benzene. Full 
conversion to Ru(SIMes)(PPh3)(CO)(C6F5)H (58) was achieved within 5 minutes at 
room temperature. Confirmation of the formation of 58 was provided by the appearance 
of a singlet at δ -4.45 for H2 and a low frequency doublet of doublets of doublets 
hydride resonance at δ -25.98 (JHP = 24.1, JHF = 4.2, JHF = 3.8 Hz) in the 1H NMR 
spectrum. The 31P{1H} NMR spectrum contained a singlet at 49.6, while the 19F NMR 
spectrum contained five resonances, four multiplets at δ -107.5, -116.4, -164.7 and 
-165.9 and a triplet at δ -165.2 (JFF = 20.1 Hz) for the para F of Ru-C6F5. Attempts to 
crystallise 58 were unsuccessful as the complex decomposed over a 24 hour period. 
However, it was possible to monitor the initial rate for the formation of 1,2,3,4-C6F4H2 
in the catalytic HDF reaction of C6F5H by 58. Intriguingly, the same rate was achieved 
for 58 (2.442 ± 0.09 x 10-7 M-1 s-1) and the dihydride complex 39 (2.599 ± 0.31 x 10-7 
M-1 s-1), implying that while a small increase above one equivalent of PPh3 greatly 
reduces the catalytic activity, the loss of PPh3 from the 18-electron dihydride complexes 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47, 48) in the absence of extra PPh3 is not rate 
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limiting. Hence, increasing the equivalents of PPh3 significantly shifts the equilibrium 
away from I.  
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Figure 32: Mechanistic scheme for catalytic HDF of C6F5H to 1,2,3,4-C6F4H2 by 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48) with R3SiH. 
 
Currently it is only possible to speculate on how the proposed catalytic cycle relates 
back to the kinetic experiments and the first-order dependence on the concentration of 
fluoroarene. It is worth highlighting that while the concentration of silane has no effect 
on the rate of reaction, the nature of the R group does effect the rate of the reaction, the 
regioselectivity and the complex lifetime, perhaps reflecting the ability of silanes to 
form σ-H-SiR3 complexes and even their tendency to partake in side-reactions. 
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Unfortunately due to the H/D exchange reported in section 3.2.2 it was not possible to 
measure a kinetic isotope effect for the HDF reaction of C6F5H (i.e. H/D scrambling 
occurs at some 20 K lower than C-F activation).73 However, a range of other 
experiments were performed in an effort to support the proposed mechanism. It has 
already been demonstrated that C-H activation occurs to generate 58 from 32, C6F5H 
and Et3SiH. However, it was also possible to observe C-H activation from the dihydride 
complex 47. The combination of C6F5H and the dideuteride Ru(IPr)(PPh3)2(CO)D2 
(ca. 78 % D2) in THF-d8 resulted in the formation of C6F5D and Ru(IPr)(PPh3)2(CO)H2 
(47) within one hour at 298 K. Many of the early studies on C-F activation also report a 
preference for activation of C-H over C-F bonds in the reactions of C6F5H and other 
partially fluorinated substrates.63,74 More recently, calculations have shown that this 
preference is largely kinetic in origin,75 an example being the reaction of the 
coordinately unsaturated fragments M(H2PCH2CH2PH2) (M = Ni, Pt) in which C-F 
activation is the thermodynamically favourable reaction, yet C-H activation (at least for 
Pt) is the isolable product.  
 
Efforts to support the formation of a tetrafluorobenzyne intermediate proved less 
successful. Hughes et al. reported the first isolated tetrafluorobenzyne intermediate 
Ir(η5-Cp*)(PMe3)(η2-C6F4) from the deprotonation of Ir(η5-Cp*)(PMe3)(C6F5)H with 
n-BuLi,76,77 while Werkema et al. have reported the C-F activation by Ce(η5-Cp’)2H for a 
range of hydrofluorobenzenes (C6FnH6-n) through initial C-H activation to give 
complexes of the form Ce(η5-Cp’)2(C6FnH5-n), which undergo decomposition via a 
fluorobenzyne intermediate to Ce(η5-Cp’)2F. The fluorobenzynes have been trapped as 
Diels-Alder adducts with the solvents C6H6 or C6D6, or as Cp’H when C6D12 is the 
solvent.78-80 Similar results have also been observed by Jones and co-workers in which 
decomposition of Zr(η5-Cp)2(C6F5)2 gives Zr(η5-Cp)2(C6F5)F and tetrafluorobenzyne 
(‘C6F4’), which was trapped as a Diels-Alder adduct with 2,3,5,6-tetramethylbenzene 
(durene). Our attempts to observe a Diels-Alder adduct of tetrafluorobenzyne by the 
addition of durene or simply performing the reactions in benzene solutions were 
unsuccessful. Later work by Jones and co-workers showed that an intermediate Zr-C6F4 
species proposed on the decomposition pathway of Zr(η5-Cp*)2(o-C6FH4)H to 
(η5-Cp*)2Zr(C6H5)F could not be trapped, possibly due to the tetrafluorobenzyne 
remaining coordinated at all times to the Zr centre. This observation may also explain 
our lack of success in the trapping experiments with durene or benzene.81 
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3.3.3 Catalytic HDF of other fluoroarenes 
 
Attempts to conduct HDF on other fluoro-aromatic substrates was met with mixed 
success. 1,2,3,4-C6F4H2, 1,2,4,5-C6F4H2, 2,3,4,5,6-pentafluorobiphenyl (C6H5C6F5) and 
C6F5CH3 were inactive towards HDF at 343 K. A stoichiometric reaction of 47 with 10 
equivalents of 1,2,3,5-C6F4H2 resulted in only ca. 10 % conversion to 40 after 40 h, and 
was not investigated further. However, the HDF of C6F5CF3 and C5F5N were more 
promising catalytic reactions. HDF with 47 (10 mol%) and Et3SiH (0.1 M) 
([fluoroarene] = 0.1 M) resulted in a TON of 2.6 for C6F5CF3 and 13.6 for C5F5N after 
19.75 hours at 343 K (Table 19, entries 1 and 4). 
 
The HDF of C6F5CF3 gave a mixture of three products after 19.75 hours: 
2,3,4,5-C6F4HCF3 (3.1 %),47 2,3,5,6-C6F4HCF3 (14.1 %)47 and 2,3,6-C6F3H2CF3 
(3.3 %)82 (see Figure 33 and Table 19, entry 1). Intriguingly, the 1H NMR spectrum 
displayed a new low frequency doublet of triplets hydride signal at δ -25.83 (JHP = 24.0, 
JHF = 6.0 Hz) belonging to the fluoroaryl hydride product 
Ru(IPr)(PPh3)(CO)(C6F4CF3)H (59) (Figure 33). A singlet Ru-P resonance at δ 55.0 
was apparent in the 31P{1H} NMR spectrum, with a correlation to the hydride signal at 
δ -25.83 shown by 1H-31P{1H} HMQC. The coordination of the 2,3,5,6-C6F4CF3 ligand 
was confirmed by a 19F-1H HMBC experiment which revealed a correlation from the 
hydride signal to two multiplet 19F signals at δ -111.1 and -117.6. A 19F-19F COSY 
confirmed the presence of a further three C-F resonances, two multiplets at δ -146.3 and 
-148.6, and a triplet at δ -57.6 (JFF = 21.7 Hz). The five 19F resonances integrated in a 
1:1:1:1:3 ratio respectively. 
 
A small amount of H2 was visible in the 1H NMR spectrum indicating that the formation 
of 59 arose via C-H activation of 2,3,5,6-C6F4HCF3. This was confirmed by the addition 
of 5 equivalents of 2,3,5,6-C6F4HCF3 to 47 in benzene. The 1H NMR spectrum showed 
a 10:1 ratio of 47 and 59 after 18 hours at room temperature. The amount of 59 was 
increased to ca. 60 % upon heating at 343 K for a further two hours. As with the 
analogous fluorobenzyl complex 58, attempts to isolate 59 from solution proved 
unsuccessful, with further heating failing to result in full conversion. 
 
To confirm that the HDF product 2,3,6-C6F3H2CF3 resulted from 2,3,5,6-C6F4HCF3, a 
catalytic reaction was undertaken using standard conditions. After 19.75 hours at 343 K, 
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complex 59 was observed, along with the sole HDF product 2,3,6-C6F3H2CF3 (6.3 %) 
(Table 19, entry 2). Prolonged heating for 130 hours resulted in conversion to 14.0 % of 
2,3,6-C6F3H2CF3 although this was accompanied by a small amount of 2,3,5-C6F3H2CF3 
(1.3 %) (Table 19, entry 3). A catalytic HDF reaction of 2,3,4,5-C6F4HCF3 by 47 and 
Et3SiH provided no HDF products after 19.75 h at 343 K.  
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Figure 33: HDF and ruthenium products from the catalytic reaction of Ru(IPr)(PPh3)2(CO)H2 (47) 
and Et3SiH with C6F5CF3 (THF, 19.75 h, 343 K). 
 
While the HDF of pentafluoropyridine proved to be the most active reaction (TON = 
13.6) it also proved to be the most unselective, with products resulting from one, two 
and three HDF steps. The regioselectivity of the mono-defluorination reaction followed 
the trend seen for C6F5H by giving predominantely substitution at the 2-position with 
more 2,3,4,5-C5F4HN (23.8 %)83 formed than 2,3,5,6-C5F4HN (15.9 %)47 (Table 19, 
entry 4). This regioselectivity is also observed by Perutz and co-workers for Ni 
phosphine complexes, consistent with a concerted oxidative addition mechanism.84-87 
However, in contrast to C6F5H, the second HDF step occurred at both the 2- and 4-
positions, yielding 3,4,5-C5F3H2N (35.1 %)83 and 2,3,5-C5F3H2N (8.2 %),83 while 3,4,5-
C5F3H2N was defluorinated further to yield 3,4-C5F2H3N (3.2 %) (see Figure 34 and 
Table 19, entry 4).83 As for the HDF reaction of C6F5CF3 the 1H NMR spectrum 
contained a low frequency hydride signal for the fluoroaryl hydride product 
Ru(IPr)(PPh3)(CO)(C5F4N)H (60). The hydride resonance appeared as a broad doublet 
at δ -25.62 with a JHP splitting of 23.5 Hz. A 1H-31P{1H} HMQC experiment confirmed 
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the coupling to a broad 31P singlet at δ 47.0. The 19F NMR spectrum displayed four 
resonances in a 1:1:1:1 ratio at δ -101.7, -103.6, -115.5 and -120.4 that correlated by 
19F-19F COSY. The identity of 60 was confirmed by reacting 47 with 5 equivalents of 
2,3,5,6-C5F4HN at room temperature, the proton spectrum displaying a singlet for H2 
alongside the hydride signal for 60 in a 1:10 ratio with 47. 
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Figure 34: HDF and ruthenium products from the catalytic reaction of 47 and Et3SiH with C5F5N 
(THF, 19.75 h, 343 K). 
    
To further study the HDF of fluoropyridines by 47, a catalytic reaction was run with 
2,3,5,6-C5F4HN. After 19.75 h at 343 K, 2,3,5-C6F3H2N (2.3 %, (Table 19, entry 5)) 
was observed, along with 47 and 60. The lack of HDF from 2,3,5,6-C5F4HN and the 
low conversion to 2,3,5-C6F3H2N clearly indicated that the formation of 2,3,5-C6F3H2N 
in the catalytic HDF of C5F5N was from the HDF of 2,3,4,5-C5F4HN (see Figure 34).  
 
Unfortunately, we were unable to commercially obtain 2,3,4,5-C5F4HN to study the 
HDF reaction in more detail. However, we can reason why the HDF of 2,3,5,6-C5F4HN 
is significantly slower. Perutz and co-workers have calculated that for a range of metal-
fluoroaryl complexes, the strength of the M-Ar (Ar = C6FnH5-n) bond is dependent on 
the number of ortho fluorines on the aryl-ring, such that there is a linear increase in the 
strength of the M-Ar bond upon the increase of fluorines in the ortho position, i.e 
∆D(M-CAr) for 2 ortho-F > 1 ortho-F > 0 ortho-F.88,89 Therefore as the M-Ar bond in 60 
is stabilised by two fluorines in the ortho positions, the energy barrier for further 
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reaction would be larger, thus preventing/slowing down any HDF of 2,3,5,6-C5F4HN. 
As 2,3,4,5-C5F4HN would form a M-Ar complex with one ortho-fluorine the energy 
barrier to HDF should in turn be lower allowing HDF to occur more readily. This effect 
combined with the added steric congestion afforded by the CF3 group may also explain 
why low TONs are achieved for C6F5CF3.  
 
The susceptibility of 2,3,4,6-C5F4HN to HDF was also screened. Catalytic HDF of 
2,3,4,6-C5F4HN (0.1 M) with 47 (0.01 M) and Et3SiH (0.2 M) occurred at room 
temperature resulting in two products after 19.75 hours; 2,3,4-C5F3H2N (97.2 %)83 from 
a single HDF step, and 2,3-C5F2H3N (2.7 %)83 from a second HDF step (Figure 35 and 
Table 19, entry 6). The reaction products correlate with the mechanism in Figure 32 and 
other HDF processes, with the HDF occurring next to the original C-H bond.78,90 
Interestingly, when the reaction was left for a further 20 hours only a small increase in 
2,3-C5F2H3N (4.1 %) was observed. However heating the reaction at 343 K for 19.75 h 
resulted in almost full conversion to 2,3-C5F2H3N (95.6 %) (Figure 35 and Table 19, 
entry 7). There was no observation of ruthenium-fluoroaryl complexes in either of the 
HDF reactions, while the HDF results of the fluorotoluenes and fluoropyridines are 
from preliminary investigations and as such have not been optimised.     
 
NF
H
F
F
F NH
H
F
F
F
19.75 h
298 K
NH
H
H
F
F
97.3 % 2.7 %
+
NH
H
H
F
F
95.6 %
NH
H
F
F
F
4.4 %
+
19.75 h 343 K
 
 
Figure 35: HDF products from the catalytic reaction of 47 and Et3SiH with 2,3,4,6-C5F4HN (THF, 
19.75 h, 343 K). 
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Entry Fluoroarene Product distribution  (%) 
Selectivity  
(%) TON
1 C6F5CF3
2,3,4,5-C6F4HCF3 (3.1) 
2,3,5,6-C6F4HCF3 (14.1) 
2,3,6-C6F3H2CF3 (3.3) 
- 2.6 
2 2,3,5,6-C6F4HCF3 2,3,6-C6F3H2CF3 (6.3) 100 0.6 
3a 2,3,5,6-C6F4HCF3
2,3,6-C6F3H2CF3 (14.0) 
2,3,5-C6F3H2CF3 (1.3) 
91.5  1.5 
4 C5F5N 
2,3,4,5-C5F4HN (23.8) 
2,3,5,6-C5F4HN (15.9) 
2,3,5-C5F3H2N (8.2) 
3,4,5-C5F3H2N (35.1) 
3,4-C5F2H3N (2.3) 
- 13.6 
5 2,3,5,6-C5F4HN 2,3,5-C5F3H2N (2.3) 100 0.2 
6b 2,3,4,6-C5F4HN 
2,3,4-C5F3H2N (97.3) 
2,3-C5F2H3N (2.7) 
97.3 10.3 
7c 2,3,4,6-C5F4HN 
2,3,4-C5F3H2N (4.4) 
2,3-C5F2H3N (95.6) 
95.6 19.6 
 
Table 19: Catalytic HDF of fluorarenes by Ru(IPr)(PPh3)2(CO)H2 (47) under standard conditions 
(THF, 343 K, 19.75 h, [Et3SiH] = 0.2 M, [Fluoroarene] = 0.1 M, [Ru] = 0.01 M) unless stated. 
a 130 h at 343 K, b 19.75 h at 298 K, c 19.75 h at 298 K and 19.75 h at 343 K. 
 
3.4 Summary 
 
Ru(PPh3)3(CO)HF will react with the carbenes IMes and IPr, and the 
pentafluorobenzene adducts SIMes·C6F5-H and SIPr·C6F5-H to form 16-electron 
complexes of the type Ru(NHC)(PPh3)(CO)HF (27, 40, 32 and 41 respectively), with all  
four complexes displaying low temperature phosphine association to form the 
18-electron bis-phosphine complexes Ru(NHC)(PPh3)2(CO)HF (30, 43, 33 and 44 
respectively). It was only possible to isolate complex 32 from the residual ‘free’ PPh3, 
with 27 undergoing degradation upon removal of PPh3 and complexes 40 and 41 being 
highly soluble in hexane/pentane. Confirmation of 27, 32, 40 and 41 as 16-electron 
species has been provided by reaction with CO to afford the 18-electron bis-carbonyl 
complexes Ru(NHC)(PPh3)(CO)2HF (31, 34, 45 and 46).  
 
The Ru(NHC)(PPh3)(CO)HF complexes (27, 32, 40 and 41) react in the presence of 
PPh3 and Et3SiH to give the corresponding dihydride complexes 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48). Attempts to produce the 16-electron 
dihydride species Ru(SIMes)(PPh3)(CO)H2 from 32 and Et3SiH (in the absence of PPh3) 
were unsuccessful. The dihydride complexes 39, 47 and 48 display the same reactivity 
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towards CO as 29, yielding a series of Ru(0) complexes, Ru(NHC)(PPh3)(CO)3 (52-54). 
Complexes 39, 47 and 48 display solution and solid-state reactivity towards D2, 
resulting in a mixture of Ru-H2, Ru-HD and Ru-D2 species. The Ru-D2 species also 
indicate there is solution and solid-state exchange between the Ru-D and the ortho-C-H 
bonds of the triphenylphosphine ligands. 
 
The dihydride complexes 29, 39, 47 and 48 will react with Et3N·3HF, and more 
importantly, C6F6 or C6F5H to generate the hydride fluoride complexes 
Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41 respectively). The interconversion of these 
complexes in the presence of alkyl silanes has allowed for catalytic HDF of 
fluoroarenes to be developed. Both stoichiometric and catalytic results indicate that the 
activity of the ruthenium dihydride species (29, 39, 47 and 48) is based on their ability 
to abstract fluoride to give the 27, 32, 40 and 41 respectively. The most unusual aspect 
of the HDF process is the high selectivity for 1,2,3,4-C6F4H2 when starting from C6F5H. 
This contrasts strongly with previous work reported by Milstein (Rh)50,51 and Holland 
(Fe)49 as their Rh and Fe catalysts result in 100 % selectivity for 1,2,4,5-C6F4H2. 
 
Catalytic HDF is also possible for C6F5CF3, 2,3,5,6-C6F4HCF3, C5F5N, 2,3,5,6-C5F4HN 
and 2,3,4,6-C5F4HN with mixed success. Deuterium labelling studies and 
characterisation of the coordinated fluoroaryl complexes Ru(NHC)(PPh3)(CO)(ArF)H 
(58-60) indicate that the selectivity for HDF processes arises from a preference for C-H 
over C-F activation under catalytic conditions. The mechanism we have proposed for 
the HDF reactions of these complexes involves the formation of a fluorinated ‘aryne’ 
intermediate, which is in agreement with work reported by Werkema78-80 and 
Mindiola.90  
 
The stability and possible functionality of these complexes, along with data reported by 
Radius64,91,92 and Sadighi93 suggest that NHC-metal-fluorides have much to offer in 
developing metal-fluoride chemistry and C-F bond activation reactions, while, in line 
with work reported by Caulton and co-workers, there are indications that NHC-M-F 
complexes may also enable synthetic routes to novel metal-hydride chemistry.27,28  
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4. Synthesis and reactivity of Ru(NHC)(dppp)(CO)H2 and 
Ru(NHC)(dppp)(CO)HF complexes: C-H and C-F activation 
 
4.1. Ru(dppp)(PPh3)(CO)HF  
 
4.1.1 Introduction  
 
In Chapter 2, isomerisation and disproportionation reactions were reported for the 
N-alkyl substituted NHC complexes Ru(NHC)(PPh3)2(CO)HF (3-6). As well as using 
N-aryl substituted ligands (Chapter 3), it was hoped that the isomerisation and 
disproportionation could also be prevented by the introduction of a chelating phosphine 
ligand. Previous reports in the literature have described the synthesis of 
Ru(dppp)(PPh3)(CO)H2 (61),1 while work within our group has shown that it will react 
with IMes to generate the dppp complex Ru(IMes)(dppp)(CO)H2 (69).2 Our aim was to 
form Ru(dppp)(PPh3)(CO)HF (62), which could then be reacted with the desired NHCs 
to generate a range of Ru(NHC)(dppp)(CO)HF complexes. 
 
4.1.2 Synthesis of Ru(dppp)(PPh3)(CO)HF (62) 
 
There are two potential pathways for the synthesis of Ru(dppp)(PPh3)(CO)HF (62), one 
involving the reaction of Ru(PPh3)3(CO)HF (1) with dppp (Figure 1, Route a) and the 
other involving the reaction of Ru(dppp)(PPh3)(CO)H2 (61) with Et3N·3HF (Figure 1, 
Route b).  
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Figure 1: Two potential synthetic routes to Ru(dppp)(PPh3)(CO)HF (62). 
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Route (a) was considered the most promising as the addition of a fluoride ligand to the 
ruthenium had been seen to greatly increase the reactivity to phosphine substitution. For 
example treatment of Ru(PPh3)3(CO)HF (1) with N-alkyl substituted NHCs occurred at 
room temperature, while the corresponding reaction of the dihydride complex 
Ru(PPh3)3(CO)H2 required heating to 343 K.3-6 This proved to be the case as the 
addition of dppp to Ru(PPh3)3(CO)H2 required heating at 393 K whereas the reaction of 
dppp with Ru(PPh3)3(CO)HF (1) occurred at only 343 K. Route (b) was discounted due 
to the problem of converting Ru(dppp)(PPh3)(CO)H2 (61) to Ru(dppp)(PPh3)(CO)HF 
(62). Despite prolonged heating at 363 K with three equivalents of Et3N·3HF, full 
conversion to 62 was not obtained, with the ratio of 62 to 61 never increasing beyond 
1:1.  
40 35 30 25 20 15 10 5 ppm
3738 ppm 2829 ppm
4.04.5 ppm
 
Figure 2: 31P{1H} NMR spectrum of Ru(dppp)(PPh3)(CO)HF (62) (C6D6, 162 MHz, 298K). 
 
When 1 was combined with 1.2 equivalents of dppp and heated at 343 K for 25 minutes, 
analysis by 1H NMR spectroscopy showed complete disappearance of the hydride signal 
for 1 and the formation of a new hydride signal at δ -4.18 arising from 62. The hydride 
signal appeared as a doublet of multiplets, but a series of broadband and selective 31P 
decoupling experiments allowed assignment of the following couplings: 117.1 (trans-
JHP), 25.0 (cis-JHP), 16.9 (cis-JHP) and 4.2 Hz (cis-JHF). The 31P{1H} NMR spectrum 
(Figure 2) consists of two doublets of triplets at δ 37.3 and 28.2 for the trans PPh3 and 
-PPh2 group of the dppp ligand, while a multiplet is observed at δ 4.1 for the cis-PPh2 
group of the dppp ligand. The phosphine resonances at δ 37.3 and 28.2 have large trans-
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couplings to each other (JPP = 291.4 Hz), while the cis-phosphine and fluorine couplings 
are coincidently equivalent (JPP = JPF = 24.2 Hz) resulting in a triplet splitting. Selective 
31P decoupling of the low frequency multiplet at δ 4.1 resolved the signal into a doublet 
of triplets with equivalent phosphine couplings (JPP = 23.2 Hz) and coupling to a single 
fluorine (JPF = 30.1 Hz). The 19F NMR spectrum afforded a low frequency multiplet 
resonance at δ -381.4 which is shifted to a slightly higher frequency from that of the 
parent complex 1. IR analysis of the complex yielded a single carbonyl stretch at 
1900 cm-1, as expected at a significantly lower frequency than that of the chloride 
complex Ru(dppp)(PPh3)(CO)HCl (1920 cm-1),7 and therefore consistent with fluoride 
being a stronger π-donor.  
 
4.1.2.1 Solid-state characterisation of Ru(dppp)(PPh3)(CO)HF (62)   
 
Crystals of 62 suitable for analysis by X-ray crystallography were obtained from 
THF/pentane (Figure 3). The asymmetric unit was seen to contain two molecules of 62 
with variations seen in some of the bond distances (Table 1). Both molecules are of a 
distorted octahedral geometry with the trans-phosphine ligands tilted towards the 
hydride ligand (P(1)-Ru(1)-P(3) 168.09(3)° (molecule 1), P(4)-Ru(2)-(P5) 171.20(3)° 
(molecule 2)). The comparable angle in 1 is considerably more acute (150.13(2)°) 
indicating the conformational restraint arising from the chelating dppp ligand. The Ru-F 
distances of 2.1005(18) (molecule 1) and 2.0943(18) Å (molecule 2) are comparable to 
those in 1 (2.0986(15) Å), 3 (2.0887(9) Å) and Ru(dmpe)F(FHF) (2.101(3) Å),8 
although longer than those in Ru(dppp)2F2 (2.065(3), 2.056(3) Å)9 and significantly 
shorter than those in Ru(dppe)2F2 (2.1729(18) Å) (nb. Ru(dppe)2F2 displays a trans F-
Ru-F arrangement).10 The ruthenium carbonyl bond in 62 (1.816(4) (molecule 1), 
1.820(4) Å (molecule 2)) and 1 (1.819(3) Å) are identical, which is unsurprising given 
that in both cases the π-acceptor carbonyl is trans to the π-donor fluoride.  
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Figure 3: Molecular structure of one of the molecules in the asymmetric unit of 
Ru(dppp)(PPh3)(CO)HF (62). Thermal ellipsoids are represented at 30 % probability.  
Hydrogen atoms (except Ru-H) are omitted for clarity. 
 
Molecule 1    
Ru(1)-C(1) 1.816(4) Ru(1)-P(2) 2.4354(9) 
Ru(1)-F(1) 2.1005(18) Ru(1)-P(3) 2.3390(9) 
Ru(1)-P(1) 2.3622(19) C(1)-O(1) 1.169(4) 
P(1)-Ru(1)-P(2) 98.92(3) P(2)-Ru(1)-P(3) 92.64(3) 
P(1)-Ru(1)-P(3) 168.09(3) C(1)-Ru(1)-F(1) 174.71(12) 
Molecule 2    
Ru(2)-C(47) 1.820(4) Ru(1)-P(6) 2.4396(9) 
Ru(1)-F(2) 2.0943(18) Ru(1)-P(5) 2.3418(9) 
Ru(2)-P(4) 2.3752(9) C(47)-O(2) 1.158(4) 
P(4)-Ru(2)-P(6) 97.39(3) P(2)-Ru(1)-P(3) 91.40(3) 
P(4)-Ru(2)-P(5) 171.20(3) C(1)-Ru(1)-F(1) 173.39(12) 
 
Table 1: Selected bond lengths (Å) and angles (°) for Ru(dppp)(PPh3)(CO)HF (62). 
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4.1.3 By-product formation during the synthesis of Ru(dppp)(PPh3)(CO)HF (62) 
 
When 1 was heated for longer than 25 minutes at 343 K or in the presence of greater 
than 1.2 equivalents of dppp, a second hydride signal could been seen ‘growing in’ 
under the signal for 62 due to the known cationic complex [Ru(dppp)2(CO)H]+ (63).7 It 
was therefore thought that combining 1 with 5 equivalents of dppp in benzene and 
heating at 343 K would provide a further synthetic route towards 63. This proved not to 
be the case as a mixture of 63 and an additional complex [Ru(dppp)2(CO)F]+ (64) were 
obtained.9 Crystals suitable for X-ray crystallographic analysis were isolated from the 
reaction mixture by slowly cooling the benzene solution to room temperature and 
proved to be a 70:30 mixture of 63 and 64 (Figure 4). The anion was found to be the 
rather rare [SiF5]-, with the most feasible explanation for its formation being that HF is 
eliminated from the ruthenium and then undergoes a subsequent scavenging reaction 
with the surface SiO2 present on the glassware.11  
 
4.1.3.1 Solid-state characterisation of [Ru(dppp)2(CO)(H/F)][SiF5] (63/64) 
 
The partial occupancy of the hydride ligand (70 %) meant that it could not be reliably 
located and was therefore omitted from the refinement. Due to the mixed occupancy of 
the crystal further structural comparison with the literature data will not be made. It 
should be noted that disorder is also seen in the [SiF5]- moiety with the axial Si-F bonds 
restrained to being similar, as were the equatorial Si-F bonds. However, despite this, 
there is evidence for short contacts between two of the aryl protons of the 
triphenylphosphine and the fluorines of [SiF5]-. These distances of 2.474 Å (H(8)-F(6)) 
and 2.520 Å (H(53)-F(4)) are both close to the sum of the van der Waals radii of H and 
F (2.55 Å). Similar short contacts are present in [Ir(CO)2(PtBu2Ph)2][SiF5].11  
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Figure 4: Molecular structure of [Ru(dppp)2(CO)(H/F)][SiF5] (63/64). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except Ru-H, and aryl CH’s with short contacts 
to Si-F) are omitted for clarity. 
 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.895(2) Ru(1)-F(1) 2.015(7) 
Ru(1)-P(1) 2.3793(6) Ru(1)-P(3) 2.4076(6) 
Ru(1)-P(2) 2.3911(6) Ru(1)-P(4) 2.4014(6) 
C(1)-O(3) 1.154(3) Si(1)-F(2) 1.608(4) 
Si(1)-F(3) 1.537(4) Si(1)-F(4) 1.512(4) 
Si(1)-F(5) 1.542(2) Si(1)-F(6) 1.553(5) 
    
Bond Angles (°)    
C(1)-Ru(1)-F(1) 176.2(2) C(1)-Ru(1)-P(4) 100.57(7) 
C(1)-Ru(1)-P(1) 89.24(7) P(2)-Ru(1)-P(4) 163.03(2) 
C(1)-Ru(1)-P(2) 96.32(7) P(1)-Ru(1)-P(3) 177.11(2) 
C(1)-Ru(1)-P(3) 88.83(7) P(1)-Ru(1)-P(4) 92.43(2) 
 
Table 2: Selected bond lengths (Å) and angles (°) for [Ru(dppp)2(CO)(H/F)][SiF5] (63/64). 
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4.2 Reaction of Ru(dppp)(PPh3)(CO)HF with NHCs 
 
4.2.1 Reaction of Ru(dppp)(PPh3)(CO)HF (62) with IiPr2Me2  
 
Three equivalents of IiPr2Me2 and 62 were combined in benzene. After heating the 
reaction mixture at 323 K for 55 hours there was complete disappearance of 62, and 
formation of two new hydride containing products which displayed resonances at 
δ -5.40 and -6.64 in the 1H NMR spectrum in a 1:1 ratio. The hydride signal at δ -5.40 
displayed a doublet of doublets of doublets multiplicity, with trans- and cis-phosphine 
couplings (JHP = 130.6, 19.9 Hz) and a small cis-fluorine coupling (JHF = 8.4 Hz) 
indicating the displacement of the PPh3 and formation of Ru(IiPr2Me2)(dppp)(CO)HF 
(65) (Figure 5). The signal at δ -6.64 had a doublet of doublets multiplicity (JHP = 105.1, 
JHP = 19.4 Hz) with no resolvable fluorine coupling, indicating the formation of the 
intramolecular C-H activated product Ru(IiPr2Me2)’(dppp)(CO)H (66) (Figure 5).12  
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Figure 5 
 
The 31P{1H} NMR spectrum displayed two doublet of doublet resonances at δ 12.1  
(JPF = 51.0, JPP = 23.4 Hz) and 33.6 (JPF = 34.9, JPP = 23.4 Hz) for 65, and two doublets 
at δ 40.4 and 20.7 (JPP = 22.7 Hz) for 66, that were correlated by a 31P{1H}-1H HMQC 
experiment. The 19F NMR spectrum contained a multiplet resonance at δ -339.9 for 65, 
with no other resonances observed between δ -200 and -500 confirming the absence of a 
fluoride ligand in 66. Heating the mixture of 65 and 66 for a further 55 hours at 343 K 
resulted in complete conversion to 66 as the sole ruthenium containing product. The 
most feasible route to 66 would be loss of HF from 65 to generate the four coordinate 
intermediate [Ru(IiPr2Me2)(dppp)(CO] which then undergoes intramolecular C-H 
activation of one of the methyl groups of the isopropyl carbene to leave 66.13 The 
reductive elimination of HF has little precedence in the literature, although Caulton and 
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co-workers have shown how the coordinatively unsaturated complex Ir(PtBu2Ph)2H2F 
will eliminate HF at room temperature upon addition of CO or H2.11,14 Work by Doyle 
reports the synthesis of Ru(PPh3)2(NO)(CO)Cl upon treatment of Ru(PPh3)2(NO)Cl 
with HC(O)F, which necessitates HF elimination during the reaction.15 (see section 
4.2.3.3 for further discussion of HF elimination). Despite repeated attempts to isolate 
complex 66 it proved highly soluble in hexane (even at 243 K) and could not be 
removed from the free carbene left in the reaction mixture. Attempts to generate 65 as 
the sole reaction product by altering the number of equivalents of IiPr2Me2 used and the 
reaction temperature were unsuccessful as the formation of 65 was always accompanied 
by 66. 
 
4.2.2 Reaction of Ru(dppp)(PPh3)(CO)HF (62) with IMes 
 
When 62 was combined with 3 equivalents of IMes and the sample heated at 363 K for 
22 hours two new hydride signals were observed at δ -5.79 and -6.71 in a 3:2:6 ratio 
with unreacted 62. The hydride signal at δ -6.71 could be assigned to the previously 
reported C-H activated compound Ru(IMes)’(dppp)(CO)H (67),2 while the doublet of 
doublets multiplicity on the hydride signal at δ -5.79 was consistent with the formation 
of Ru(IMes)(dppp)(CO)HF (68) (Figure 6). Identification of the large trans (JHP = 127.6 
Hz) and smaller cis (JHP = 22.0 Hz) phosphine couplings were provided by 31P 
decoupling of the 1H NMR spectrum, which revealed a JHF coupling of 4.9 Hz. The 
31P{1H} NMR spectrum for 68 exhibited two doublet of doublets resonances (δ 28.9 and 
3.6), while the Ru-F signal was observed at δ -365.2 as a broad doublet of doublets (JFP 
= 47.4, JFP = 27.1 Hz). The formation of 68 and 67 in situ implies that the same loss of 
HF and intramolecular C-H activation of carbene occurs as for IiPr2Me2 (see section 
4.2.3.3 for further studies). 
 
3 IMes
Toluene, 363 K
Ph2P
PPh2
Ru
OC H
F
NN
Ph2P
PPh2
Ru
OC CH2
H
NN
+
(67)(68)
62
Et3N or IMes  
 
Figure 6 
  122 
Chapter 4  dppp chemistry 
The presence of 67 prevented 68 from being isolated cleanly using this synthetic route. 
We showed in Chapter 3 that the dihydride complexes Ru(NHC)(PPh3)2(CO)H2 (29, 39, 
47 and 48) will react readily with the mild fluorinating reagent Et3N·3HF, to generate 
the 16-electron species Ru(NHC)(PPh3)(CO)HF (27, 32, 40 and 41), which implied to 
us that Ru(IMes)(dppp)(CO)H2 (69) should react with Et3N·3HF to generate 
Ru(IMes)(dppp)(CO)HF (68). 
 
4.2.3 Reaction of Ru(IMes)(dppp)(CO)H2 (69) with Et3N·3HF  
 
When 69 was stirred with Et3N·3HF at room temperature there was a small but 
noticeable evolution of gas. After 8 hours, the 1H NMR spectrum contained no 
resonances for 69 (Figure 7), but did display the hydride signal for 68 and a further 
doublet of doublets hydride signal at δ -6.79, which was assigned as arising from 
complex 70 (see section 4.2.3.2, Figure 7, Figure 9). The two hydride signals integrated 
in a 10:1 ratio, allowing for separation of the two complexes by crystallisation of 68 
from benzene/hexane. The 1H NMR spectrum of 68 displayed three singlet methyl 
resonances at δ 2.44, 2.29 and 1.75 with each resonance integrating as six protons 
relative to the hydride signal. A singlet resonance at δ 6.20 was observed for the 
backbone protons indicating that the complex displays free rotation around the 
ruthenium carbene bond. Full assignment of the 13C{1H} NMR spectrum was provided 
by a combination of 1H-13C{1H} HSQC and HMBC experiments with high frequency 
resonances observed at δ 206.7 and 193.4 for the carbonyl and carbenic carbons 
respectively. The carbonyl resonance showed a large fluorine (JCF = 69.2 Hz) and two 
smaller phosphine couplings (JCP = 14.2, JCP = 8.4 Hz), while the carbenic carbon 
appeared as a doublet of triplets with a large trans-phosphine coupling (JCP = 96.4 Hz) 
and equivalent cis-fluorine and cis-phosphine splittings (JCF = JCP = 9.2 Hz). IR analysis 
of the complex provided a single carbonyl stretch at 1905 cm-1, at a slightly higher 
frequency than that for the bond in 62 (1900 cm-1). This is somewhat surprising given 
that NHCs are widely acknowledged as stronger σ-donors than phosphines.16 
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Figure 7: 1H NMR spectrum (C6D6, 400 MHz, 298 K) recorded upon the reaction of 
Ru(IMes)(dppp)(CO)H2 (69) with Et3N·3HF. Expansions are shown for the NCH backbone protons, 
 the CH3 mesityl groups and the hydrides of Ru(IMes)(dppp)(CO)HF (68) and 
Ru(IMes)(dppp)’(CO)H (70) (# = 68 * = 70). 
 
4.2.3.1 Solid-state characterisation of Ru(IMes)(dppp)(CO)HF (68) 
 
The X-ray crystal structure for 68 verified unambiguously the predicted ligand 
arrangement and revealed a distorted octahedral geometry around the ruthenium centre 
(Figure 8). As seen in both 1 and 62 the CNHC-Ru-P angle is tilted over towards the 
hydride ligand (161.64 (4)°). The Ru-F bond (2.1501(10) Å) is considerably longer than 
in 62 (2.1005(18) Å) or indeed any other ruthenium carbene complexes reported herein 
(Table 3). However there is very little variation in the other bond angles and distances 
between 68 and 62, otherwise indicating that the incorporation of the carbene ligand had 
minimal effect on the structure. Thus the large increase in Ru-F bond length cannot be 
rationalised.   
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Figure 8: Molecular structure of Ru(IMes)(dppp)(CO)HF (68). Thermal ellipsoids are represented 
at 30 % probability. The solvent molecule and the hydrogen atoms (except Ru-H) are omitted for 
clarity. 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.8162(17) Ru(1)-F(1) 2.1501(10) 
Ru(1)-C(2) 2.1270(15) Ru(1)-P(2) 2.4287(4) 
Ru(1)-P(1) 2.3323(4) C(1)-O(1) 1.166(2) 
    
Bond Angles (°)    
C(1)-Ru(1)-C(2) 97.54(6) C(2)-Ru(1)-P(1) 161.64(4) 
C(1)-Ru(1)-P(1) 91.22(5) C(2)-Ru(1)-P(2) 102.49(2) 
C(1)-Ru(1)-P(2) 97.09(5) P(1)-Ru(1)-P(2) 92.340(14) 
C(1)-Ru(1)-F(1) 173.76(5) C(2)-Ru(1)-F(1) 88.63(5) 
F(1)-Ru(1)-(P1) 82.59(3) F(1)-Ru(1)-(P2) 82.43(3) 
 
Table 3: Selected bond lengths (Å) and angles (°) for Ru(IMes)(dppp)(CO)HF (68). 
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4.2.3.2 Identification of the trace impurity 70 
 
The δ -6.79 hydride signal for 70 displayed a doublet of doublets multiplicity with cis 
(JHP = 19.8 Hz) and trans (JHP = 123.9 Hz) couplings to phosphine. The absence of any 
fluorine coupling suggested possible C-H activation of the mesityl sidearm, but this 
theory was discarded upon further analysis of the 1H NMR spectrum, which displayed 
three singlet methyl resonances (rather than the expected 5 for a C-H activated 
complex) which all integrated in a ratio of 6:1 with the hydride. The 31P{1H} NMR 
spectrum displayed two doublets at δ 29.9 and -0.4 (JPP = 19.3 Hz), while the 19F NMR 
spectrum displayed no resonances between δ -150 and -500. The 13C{1H} NMR 
spectrum of 70 exhibited a doublet of doublets carbenic carbon resonance at δ 188.2 
with trans (JCP = 94.7 Hz) and cis (JCP = 9.3 Hz) phosphine couplings, while the 
carbonyl resonance at δ 204.8 was split by two cis-phosphine nuclei (JCP = 14.0 Hz, JCP 
= 6.2 Hz). The information from these three NMR spectra indicated the same ligand 
orientation as in 68, while the low frequency for one of the 31P resonances was used to 
tentatively assign 70 as Ru(IMes)(dppp)’(CO)H in which ortho-metallation of a phenyl 
group on the phosphine had occurred (Figure 9).17 However as only a minor amount of 
70 was formed in the reaction of 69 with Et3N·3HF, further characterisation of 70 was 
not carried out.  
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Figure 9 
 
4.2.3.3 Reactivity of Ru(IMes)(dppp)(CO)HF (68) 
 
Since the reaction of Ru(dppp)(PPh3)(CO)HF (62) with IMes resulted in the formation 
of both the C-H activated complex 67 and the hydride fluoride complex 68, an isolated 
sample of 68 was taken and heated at 393 K. Despite prolonged heating there was no 
conversion to 67 indicating that the loss of HF was not solely driven by 
thermodynamics. Heating a sample of 68 at 393 K in the presence of one equivalent of 
IMes however, resulted in quantitative conversion to 67 within 12 hours (Figure 6). 
Thus, the formation of 67 in the initial reaction of 62 with IMes appears to result from 
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the presence of excess carbene, which presumably acts as a base to remove HF from the 
ruthenium centre. Further evidence for this was provided by the reaction between 68 
and the much weaker base Et3N, where the same transformation occurred at 393 K 
(although over a much longer period of 36 hours) (Figure 6). To further probe the 
removal of fluoride from 68, the compound was reacted with Et3SiH. No reaction was 
observed at room temperature, but heating at 393 K for three hours resulted in full 
conversion to 69 (Figure 10). The requirement for heat is perhaps not surprising. 
Chapter 3 has highlighted a probable reaction pathway (section 3.3.1) that involves the 
binding of Et3SiH to the ruthenium centre via a σ-complex. This would require the 
dissociation of the phosphine ligand trans to the hydride, and while this is possible at 
room temperature in hydride-fluoride complexes Ru(NHC)(PPh3)(CO)HF (27, 32, 40 
and 41) the chelation of the dppp ligand would necessitate a higher temperature to 
achieve the dissociation of one end of the phosphine ligand.   
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Figure 10 
 
4.2.4 Reactivity of Ru(IMes)(dppp)(CO)H2 (69) with C6F6
 
The interconversion of dihydride and hydride fluoride species prompted us to 
investigate whether the C-F bond activation of aromatic fluorocarbons might offer an 
alternative source of fluoride to generate 68. When 69 was combined with ten 
equivalents of C6F6 and heated at 393 K very little reaction was observed. Upon 
doubling the concentration of C6F6, 1H NMR spectroscopy of the solution showed 
complete disappearance of 69, but only minimal formation of 68. The 19F NMR 
spectrum showed no evidence of the expected hydrodefluorination product C6F5H. 
Interestingly prolonged heating of the solution resulted in the precipitation of the clear 
crystalline solid [Ru(dppp)2(CO)2(µ-F)3][X] (71). Hope and co-workers have reported 
the analogous product [Ru(PPh3)4(CO)2(µ-F)3][HF2] (72) upon reaction of 
Ru(PPh3)3(CO)H2 with anhydrous HF.18 We propose a similar reaction in which the 
extended heating of 69 with C6F6 results in the generation of HF. The IMes ligand is 
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then dissociated from the ruthenium centre, ultimately resulting in the formation of 71. 
The low yield of 71 (19 %) meant that the NMR spectra obtained were of poor quality 
although they were similar to those reported for the analogous complex 72.18 Thus the 
19F NMR spectrum displayed two multiplet signals at δ -286.1 and -326.2 in a 2:1 ratio. 
Resonances were also observed at δ -139.4 and -153.3/-153.4 for the anions [SiF5]- and 
[BF4]- respectively.19,20 The formation of [BF4]- is also observed in the formation of 72 
along with the di-anion [SiF6]2-, and while we observed [SiF5]- as opposed to [SiF6]2-, 
we also presume that the anions are formed by the scavenging reaction of HF with the 
glassware.11,18 The 31P{1H} NMR spectrum of 71 displayed two multiplet signals at 
δ 40.8 and 44.7 with similar multiplicities to that for 72. Hope and co-workers have 
indicated that there are two possible geometrical isomers for 72, as there would be for 
71, one where the two carbonyls are in a syn arrangement (achiral) (Figure 11, A) and 
the other where the carbonyls are in an anti arrangement (chiral) (Figure 11, B & C). 
 
The NMR evidence for 71 indicates that the ligand arrangement in solution is the anti 
configuration as in the syn version the phosphines would be equivalent and appear as a 
singlet in the 31P{1H} NMR spectrum. The complicated 31P{1H} and 19F NMR spectra 
have been rationalised by Hope and co-workers. As in complex 72, 71 has 7 
‘inequivalent’ 100 % I = ½ nuclei (Figure 11, B & C); two distinct sets of fluorides 
(FA/FA’ and FB) and two distinct sets of phosphine ligands (PA/PA’ and PB/PB’). The two 
fluorine signals FA and FA’ are magnetically inequivalent (FA is cis to PA, whereas FA’ is 
trans to PA), while FB is chemically unique, so there are two multiplet resonances in a 
2:1 ratio in the 19F NMR spectrum. Similarly the 31P{1H} NMR spectrum contains two 
multiplet resonances in a 1:1 ratio arising from PA/PA’ and PB/PB’. 
 
Interestingly, when 71 was crystallised from dichloromethane/hexane a syn (achiral) 
ligand arrangement was obtained (only the [SiF5]- anion is present in the crystal 
structure). A syn ligand arrangement has also been reported for the tri-chloride bridged 
complex [Ru2(dtbpe)2(CO)2(µ-Cl3)]+ in the solid-state, while a low temperature 31P{1H} 
NMR spectrum at 223 K indicates the anti conformation in solution.21,22 However, both 
[Ru2(dcypb)2(CO)2(µ-Cl)3]+ and the PCP pincer complex [Ru2(PCNHCP)2(CO)2(µ-Cl3)]+ 
exhibit an anti-ligand geometry both in solution and in the solid-state.23,24 Complex 71 
has a Ru···Ru distance of 3.016 Å, which is too long for a Ru-Ru bonding 
interaction,25-29 but within the reported range for non-bonded triply bridged fluoride 
M···M complexes that are reported to exhibit possible non-bonding M···M 
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interactions.18,30-34 As expected, considering the difference in atomic radii between 
fluoride and chloride, the Ru···Ru distance is ca. 0.35 Å longer in the chloride 
compounds [Ru2(dtbpe)2(CO)2(µ-Cl3)]+ (3.39 Å),21,22 [Ru2(dcypb)2(CO)2(µ-Cl)3]+ 
(3.382 Å),23 and [Ru2(PCNHCP)2(CO)2(µ-Cl3)]+ (3.362 Å)24 than in 71. The analogous 
compound 72 was found to be unstable in solution and so structural data was based on 
EXAFS measurements (Ru-CO = 1.818(3) Å, Ru-P = 2.292(4) Å, Ru-F = 
2.043(6) Å).18,35 71 displays Ru-CO and Ru-P bond lengths that are within the region 
reported for 72, however the Ru-F bond lengths in 71 are considerably longer (2.098(3) 
to 2.130(2) Å), but still shorter than those in the tris-fluorine bridged complex 
[Ru2(PEt3)6(µ-F)3]+ which has Ru-F distances between 2.1315(18) and 2.1702(19) Å.32 
As in 63/64, there is evidence for a short contact between a Si-F and an aryl-proton of 
the dppp ligand (2.520 Å). This is less than the sum of the van der Waals radii (2.55 Å) 
implying the possibility of a weak interaction between the fluorine and proton.11 
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Figure 11: The possible ligand orientations for the syn (A) and anti (B &C) arrangements for 
[Ru(dppp)2(CO)2(µ-F)3]+ (71), with Newman projections provided (looking along the Ru-Ru axis). 
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Figure 12: Molecular structure of [Ru(dppp)2(CO)2(µ-F)3][SiF5] (71). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except C-H with short contact to Si-F) are 
omitted for clarity. 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.814(4) Ru(2)-C(2) 1.812(4) 
C(1)-O(90) 1.157(5) C(2)-O(2) 1.153(5) 
Ru(1)-F(1) 2.117(2) Ru(2)-F(1) 2.116(2) 
Ru(1)-F(2) 2.112(2) Ru(2)-F(2) 2.130(2) 
Ru(1)-F(3) 2.098(3) Ru(2)-F(3) 2.115(2) 
Ru(1)-P(1) 2.2881(10) Ru(2)-P(3) 2.2891(10) 
Ru(1)-P(2) 2.2736(10) Ru(2)-P(4) 2.2614(10) 
    
Bond Angles (°)    
C(1)-Ru(1)-F(2) 169.80(15) C(2)-Ru(2)-F(2) 167.83 
P(1)-Ru(1)-P(2) 92.86(4) P(3)-Ru(2)-P(4) 91.56 
P(1)-Ru(1)-F(3) 171.02(7) P(3)-Ru(2)-F(3) 171.02(7) 
P(2)-Ru(1)-F(1) 170.23(7) P(4)-Ru(2)-F(1) 171.51 (7) 
Ru(1)-F(1)-Ru(2) 90.91(8) Ru(1)-F(2)-Ru(2) 90.64(8) 
Ru(1)-F(3)-Ru(2) 91.45(10)   
 
Table 4: Selected bond lengths (Å) and angles (°) for [Ru(dppp)2(CO)2(µ-F)3][SiF5] (71). 
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4.3 Reaction of Ru(dppp)(PPh3)(CO)H2 (61) with N-alkyl substituted NHCs 
 
Since the reaction of 69 with Et3N·3HF provides 68 in a clean and good yield, we  
attempted to obtain 65 from reaction of 61 with IiPr2Me2 (to yield 
Ru(IiPr2Me2)(dppp)(CO)H2) followed by addition of Et3N·3HF. Unfortunately despite 
the addition of 6 equivalents of IiPr2Me2 to 61 and subsequent refluxing at 393 K for 
over 48 hours, there was no evidence for any reaction. This was surprising as 
substitution of the PPh3 ligand by IiPr2Me2 occurs at a lower or equivalent reaction 
temperature than with IMes for all of the following precursors; Ru(PPh3)3(CO)H2, 
Ru(PPh3)3(CO)HF, Ru(PPh3)3(CO)HCl and Ru(Xant)(PPh3)(CO)H2 (although the 
reaction products do vary from IiPr2Me2 to IMes).3-6,36-40 As IiPr2Me2 shows different 
reactivity and product stability to other N-alkyl substituted NHCs,3-6,37,38,41 we 
attempted the same reaction with IEt2Me2.    
 
4.3.1 Reaction of Ru(dppp)(PPh3)(CO)H2 (61) with IEt2Me2
 
Three equivalents of IEt2Me2 were combined with 61 in toluene, the solution freeze-
pump-thaw degassed and heated at 393 K. After 23 hours, analysis by 1H NMR 
spectroscopy indicated almost complete loss of 61 and conversion to a single hydride 
containing product at δ -6.16. The new hydride signal displayed a doublet of doublets 
multiplicity with coupling to trans and cis phosphines consistent with the formation of 
the C-H activated complex Ru(IEt2Me2)’(dppp)(CO)H (73) (Figure 13). Full assignment 
of the carbene resonances was provided by 1H-COSY, 1H-13C{1H} HMBC and HMQC 
NMR experiments. The 13C{1H} NMR spectrum displayed the expected two high 
frequency signals (δ 208.7 and 190.1) corresponding to the carbonyl and carbenic 
carbons respectively. A lower frequency doublet of doublets signal was observed at 
δ 52.8 (JHP = 7.2, JHP = 3.0 Hz) for the NCH2CH2, while the metallated CH2 group 
appeared as a triplet resonance at δ 9.2 (JHP = 8.0 Hz).  
 
Interestingly, when a solution of 73 was left overnight at room temperature (before 
work up), the 1H NMR spectrum showed two new 1:1 hydride multiplet signals 
indicative of the conversion of 73 to the dihydride complex Ru(IEt2Me2)(dppp)(CO)H2 
(74) (Figure 13). Furthermore, when three equivalents of IEt2Me2 and 61 were refluxed 
at 393 K under an argon atmosphere (rather than under a vacuum) 73 and 74 were 
formed in a 0.1:1 ratio. Evidently, the presence of a vacuum allows dihydrogen to be 
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lost more readily during the reaction to generate 73. Upon cooling, the dihydrogen has 
an increased solubility and is re-dissolved resulting in conversion of 73 to 74. Refluxing 
a mixture of 73 and 74 in the presence of 5 equivalents of the hydrogen acceptor 
Me3SiCH=CH2 resulted in full conversion to the C-H activation product 73, while 
refluxing a mixture of the two products under an atmosphere of dihydrogen resulted in 
full conversion to 74.  
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Figure 13: Products formed from the reaction of Ru(dppp)(PPh3)(CO)H2 (61) with IEt2Me2, and the 
subsequent conversion to Ru(IEt2Me2)’(dppp)(CO)H (73) or Ru(IEt2Me2)(dppp)(CO)H2 (74). 
 
The 1H NMR spectrum for 74 displayed two hydride signals at δ -6.89 and -6.49 both 
with the expected doublet of doublets of doublet multiplicity. The lower frequency 
hydride signal could be assigned as that trans to phosphine from the large JHP value of 
84.9 Hz. The hydride at δ -6.49 appeared as a broad triplet due to the equivalence of the 
two cis-phosphine couplings, with the H-Ru-H coupling lost within the line width of the 
signal. A single resonance was observed for both NCH2CH3 groups and for the 
backbone methyls, the latter suggesting free rotation around the Ru-NHC bond. Two 
signals were observed for the NCH2 protons due to their diastereotopic nature. 
 
Attempts to remove the residual free carbene from complexes 73 and 74 proved 
troublesome as both complexes were highly soluble in hexane and pentane. Both 
compounds were eventually isolated by cooling hexane solutions to 253 K for 7 days 
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and filtering to leave 73 and 74 as white powders, although only in yields of 8 and 12 % 
respectively. Their high solubility prevented crystalline samples from being attained. 
The poor yield of 74 allowed for only a preliminary investigation in to the reactivity 
with Et3N·3HF. The addition of one equivalent of Et3N·3HF led to the complete 
disappearance of the hydride signals for 74 after 16 hours, with a new doublet of 
doublets of doublets hydride signal present at δ -4.66 (JHP = 124.8, JHP = 17.8, 
JHF = 3.7 Hz). 31P{1H} NMR spectroscopy revealed the expected two doublet of 
doublets at δ 17.4, (JPF = 43.1, JPP = 24.9 Hz) and δ 30.3 (JPF = 29.3, JPP = 24.9 Hz), 
comparable to 68, thus suggesting formation of Ru(IEt2Me2)(dppp)(CO)HF (75).  
 
4.3.2 Synthesis of Ru(IMe4)(dppp)(CO)H2 (76) 
 
In order to prevent the C-H activation of the NHC, Ru(dppp)(PPh3)(CO)H2 (61) was 
reacted with IMe4. Initially three equivalents of IMe4 and 61 were refluxed in toluene 
for 4 hours, but the reaction mixture contained multiple hydride containing products, so 
the amount of IMe4 was reduced to 1.5 equivalents and the reaction repeated. After 8 
hours at 393 K, the 1H NMR spectrum showed complete conversion to 
Ru(IMe4)(dppp)(CO)H2 (76), which showed two multiplet hydride resonances at δ -6.87 
and -6.37. The 31P{1H} NMR spectrum displayed two doublets, while the 13C{1H} 
NMR spectrum contained the expected high frequency signals for the carbonyl and 
carbenic carbons. In contrast to 74, 76 was found to be insoluble in hexane and could 
therefore be removed from the residual free carbene by washing with hexane. Layering 
a benzene solution with hexane resulted in single crystals of 76 suitable for X-ray 
crystallography. The asymmetric unit (Figure 14, with selected bond lengths and angles 
reported in Table 5) contained two molecules where both have distorted octahedral 
geometries. The Ru-CNHC bond in 76 (2.099(2) (molecule 1), 2.107(2) Å (molecule 2)) 
is similar to that in 69 (2.0981(12) Å)2 indicating that the size of the N-substituents has 
little effect on Ru-CNHC bond distance. However, 76 does have trans CNHC-Ru-P angles 
(165.51 (molecule 1), 164.16° (molecule 2)) which are closer to linear than that in 69 
(158.78°).2 
 
The low isolated yield of 76 (21 %) restricted the experimental investigation into the 
reactivity of the complex, although a preliminary reaction of 76 with one equivalent of 
Et3N·3HF resulted in complete conversion to Ru(IMe4)(dppp)(CO)HF (77) within 12 
hours (see experimental section for selected NMR data). No attempts were made at 
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isolating the complex but the reaction once again indicates the possibility of 
synthesising Ru(NHC)(dppp)(CO)HF compounds from their dihydride precursors.  
 
 
Figure 14: Molecular structure (one of the molecules in the asymmetric unit) of 
Ru(IMe4)(dppp)(CO)H2 (76). Thermal ellipsoids are represented at 30 % probability. Hydrogen 
atoms (except Ru-H) are omitted for clarity. 
 
Molecule 1    
Ru(1)-C(1) 1.888(3) Ru(1)-C(2) 2.099(2) 
Ru(1)-P(1) 2.3320(6) Ru(1)-P(2) 2.2849(6) 
C(1)-O(1) 1.155(3)   
C(1)-Ru(1)-C(2) 94.70(10) C(2)-Ru(1)-P(1) 90.51 
C(2)-Ru(1)-P(2) 165.51(7) P(1)-Ru(1)-P(2) 94.30(2) 
Molecule 2    
Ru(1)-C(1A) 1.875(3) Ru(1A)-C(2A) 2.107(2) 
Ru(1)-P(1A) 2.3301(6) Ru(1A)-P(2A) 2.2859(6) 
C(1)-O(1A) 1.166(3)   
C(1A)-Ru(1A)-C(2A) 96.49(10) C(2A)-Ru(1A)-P(1A) 90.76(6) 
C(2A)-Ru(1A)-P(2A) 164.16(7) P(1A)-Ru(1A)-P(2A) 95.93(2) 
 
Table 5: Selected bond lengths (Å) and angles (°) for Ru(IMe4)(dppp)(CO)H2 (76). 
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4.3.3 Synthesis of Ru(ICy)(dppp)(CO)H2 (78)
 
When 61 was refluxed in toluene with three equivalents of ICy, complete conversion to 
Ru(ICy)(dppp)(CO)H2 (78) was obtained within 18 hours. The solvent was stripped 
under vacuum to give an orange oil that was washed with ethanol and hexane to give 78 
as a white microcrystalline solid in 70 % yield. The compound appeared to be fluxional 
in solution; the low frequency region of the 1H NMR spectrum displayed the expected 
multiplet hydride signals, but no resonances were observed for CH protons of the 
cyclohexyl sidearms at room temperature (Figure 15). On cooling to 268 K, one of the 
CH protons was observed as a broad multiplet at δ 4.89, while the other appeared as a 
broad singlet at δ 6.58 that was overlaid with one of the NCH backbone protons. Further 
cooling to 243 K resulted in the shift and sharpening of two signals such that multiplets 
were observed at δ 4.90 and 6.67. The backbone NCH protons were now observed as 
singlets at δ 6.29 and 6.56 (Figure 15). The overlap of the cyclohexyl and dppp CH2 
groups prevented full assignment of these resonances although a low frequency singlet 
was observed at δ 0.30 corresponding to a single proton from a CH2 group of a 
cyclohexyl arm. A comparison of pertinent NMR signals for complexes 69, 74, 76, and 
78 is given in Table 6.  
 
Complex 
1H Ru-H 
(δ) 
JHP  
(Hz) 
JHH  
(Hz)
31P{1H}
(δ) 
JPP  
(Hz)
13C{1H}  
(δ) 
JCP 
 (Hz) 
692,42 
-7.07 (ddd) 
-6.20 (ddd) 
79.4, 22.9 
22.9, 15.5 
5.8 
5.8 
28.1 (d) 
40.6 (d)
24.5 
195.5 (dd, NCN) 
205.8 (br t, CO) 
75.5, 7.5 
9.0 
74 
-6.89 (ddd) 
-6.49 (br t) 
84.9, 22.0 
29.1 
2.8 
- 
36.2 (d) 
43.0 (d)
23.4 
187.7 (dd, NCN) 
209.8 (dd, CO) 
76.2, 11.3 
9.3, 6.3 
76 
-6.87 (dd) 
-6.37 (br t) 
83.7, 22.2 
28.9 
- 
37.3 (d) 
41.5 (d)
25.2 
189.4 (dd, NCN) 
210.4 (dd, CO) 
76.7, 11.1 
9.5, 5.5 
78 
-7.25 (ddd) 
-6.19 (br t) 
88.2, 22.8 
28.9 
2.9 
- 
31.0 (d) 
43.1 (d)
22.1 
189.9 (dd, NCN) 
209.1 (dd, CO) 
73.7, 9.3 
9.2, 5.7 
 
Table 6: Selected 1H, 31P{1H} and 13C{1H} NMR data for Ru(NHC)(dppp)(CO)H2 complexes (69, 74 
76 and 78). 
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Figure 15: 1H NMR spectrum (Tol-d8, 400 MHz, 298 K) of Ru(ICy)(dppp)(CO)H2 (78), with an 
expansion of the ICy-CH and NCH backbone region from 298 K to 243 K. 
 
4.3.3.1 Solid-state and IR characterisation of Ru(ICy)(dppp)(CO)H2 (78) 
 
The IR spectrum of 78 displayed a single carbonyl absorption band at 1915 cm-1, close 
to that for the N-ethyl complex 74 (1913 cm-1), and at a significantly lower frequency 
than that for the N-mesityl complex 69 (1941 cm-1). Crystallographic characterisation of 
78 (Figure 16, Table 7) displayed a distorted octahedral geometry with a trans CNHC-
Ru-P angle (159.81°) similar to that for 69 (158.78(4)°)2 and the trans P-Ru-P angle for 
61 (160.67(9)º)1. 78 and 69 also have similar ruthenium carbene bond lengths (2.103(3) 
and 2.0981 (12) Å respectively). The similarity in the structural parameters is perhaps 
not surprising considering that ICy, IMes and PPh3 have similar steric profiles based on 
the calculated percentage buried volumes (%VBur).43-46 
  
 
  136 
Chapter 4  dppp chemistry 
 
Figure 16: Molecular structure of Ru(ICy)(dppp)(CO)H2 (78). Thermal ellipsoids are represented 
at 30 % probability. Hydrogen atoms (except Ru-H) are omitted for clarity. 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.886 (3) Ru(1)-P(1) 2.2947(7) 
Ru(1)-C(2) 2.103(3) Ru(1)-P(2) 2.3537(7) 
C(1)-O(1) 1.162(3)   
    
Bond Angles (°)    
C(1)-Ru(1)-C(2) 92.76(10) C(1)-Ru(1)-P(2) 105.17(8) 
P(1)-Ru(1)-P(2) 96.44(2) C(2)-Ru(1)-P(1) 159.81(7) 
C(1)-Ru(1)-P(1) 93.32(8) P(2)-Ru(1)-P(2) 100.51(7) 
 
Table 7: Selected bond lengths (Å) and angles (°) for Ru(ICy)(dppp)(CO)H2 (78). 
 
4.4 Reactivity of Ru(ICy)(dppp)(CO)H2 (78) with Et3N·3HF  
 
4.4.1 Synthesis of Ru(ICy)(dppp)(CO)HF (79) 
 
The addition of 1.5 equivalents of Et3N·3HF to a benzene solution of 78 resulted in 
complete conversion to Ru(ICy)(dppp)(CO)HF (79) within 8 hours. A single hydride 
resonance was observed for 79 at δ -5.10 with a doublet of doublet of doublets 
multiplicity (JHP = 128.6, JHP = 20.0, JHF = 6.3 Hz). Lack of free rotation about the 
ruthenium carbene bond was implicated from the appearance of four signals for the 
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backbone and α-CH cyclohexyl protons. 1D 1H TOCSY experiments allowed 
assignment of the overlaid CH2 groups by through bond spin-spin couplings; irradiation 
at the CH proton resonances of the cyclohexyl sidearms therefore identifying the CH2 
protons via the coupling network.47 The 31P{1H} NMR spectrum displayed the same 
coupling pattern observed for 65, 68, 75 and 77, with two doublet of doublets observed 
at δ 12.8 and 30.6, while the 19F NMR spectrum contained a single triplet resonance at 
δ -345.7 with a 39.4 Hz coupling to the two cis-phosphorus nuclei of the dppp ligand.  
 
4.4.1.1 Solid-state characterisation of Ru(ICy)(dppp)(CO)HF (79) 
 
Crystals of 79 suitable for study by X-ray crystallography were obtained from 
benzene/hexane (Figure 17, Table 8). The asymmetric unit of 79 contained three 
molecules, but as there are only minor variations in the bond lengths and angles for each 
molecule only the data for one is reported. The solid-state structures of 79 and 68 are 
very similar, with a selection of bond lengths and angles for both complexes shown in 
Table 8.  
 
 
Figure 17: Molecular structure (one of the molecules in the asymmetric unit) of 
Ru(ICy)(dppp)(CO)HF (79). Thermal ellipsoids are represented at 30 % probability.  
The solvent molecule and hydrogen atoms (except Ru-H) are omitted for clarity. 
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      68      79 
Ru-CO 1.8162(17) 1.801(9) 
Ru-CNHC 2.1270(15) 2.130(7) 
Ru-F 2.1501(10) 2.121(4) 
Ru-Ptrans to NHC 2.2947(7) 2.328(2) 
Ru-Ptrans to H 2.3537(7) 2.4177(19) 
P-Ru-P 92.340(14) 92.11(7) 
OC-Ru-Ptrans to NHC 91.22(5) 96.5(2) 
OC-Ru-Ptrans to H 97.09(5) 101.1(2) 
OC-Ru-F 173.76(5) 175.9(3) 
CNHC-Ru-F 88.63(5) 89.2(2) 
CNHC-Ru-P 161.64(4) 165.27(19) 
CNHC-Ru-P 102.49(4) 99.16(18) 
F-Ru-Ptrans to NHC 82.59(3) 82.79(12) 
F-Ru-Ptrans to H 82.43(3) 82.95(11) 
 
Table 8: A comparison of selected bond lengths (Å) and angles (°) for Ru(IMes)(dppp)(CO)HF (68) 
and Ru(ICy)(dppp)(CO)HF (79). 
 
4.5 Reaction of Ru(ICy)(dppp)(CO)H2 (78) with fluoroarenes 
 
It has been reported that Ru(II) hydride complexes activate C-F bonds under very mild 
conditions,8,48 and we have shown in Chapter 3 how the dihydride complexes 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48) can be used for the catalytic 
hydrodefluorination (HDF) of fluoroarenes. The dihydride complex 78 and hydride 
fluoride complex 79 proved to be interconvertible on reaction with Et3N·3HF and 
Et3SiH, and therefore the reactivity of the dihydride complex 78 to aryl C-F bonds was 
probed further. 
 
4.5.1 Reaction of Ru(ICy)(dppp)(CO)H2 (78) with C6F6  
 
Heating a benzene solution of 78 with 10 equivalents of C6F6 at 343 K for 30 hours 
resulted in a 1:4:4 ratio of 78, 79 and the unexpected fluoroaryl hydride product 
Ru(ICy)(dppp)(CO)(C6F5)H (80) (for isolation and characterisation see section 4.5.1.1) 
(Figure 19 and Figure 21). Full conversion of 78 to a 1:1 ratio of 79 and 80 was 
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obtained after 70 hours, although this could be accelerated to 16 hours by increasing the 
temperature to 393 K. The simplest mechanism to account for the 1:1 formation of the 
two products involves direct C-F activation of C6F6 by a molecule of 78 to give 80 and 
HF, which then reacts with a second molecule of 78 to yield 79. Mass balance of the 
reaction requires the formation of H2, which is observed in the 1H NMR spectrum but is 
used up over time in the formation of C6F5H. Thermolysis of 79 and 80 in the presence 
of 10 equivalents of Et3SiH converted 79 back to 78 while leaving 80 intact. This 
allowed full conversion to 80 by heating 78 in the presence of both C6F6 and Et3SiH.  
 
4.5.1.1 Solid-state and solution characterisation of Ru(ICy)(dppp)(CO)(C6F5)H (80)  
 
The X-ray crystal structure of 80 (Figure 21, Table 9) revealed a cis-Ru(C6F5)H 
arrangement with the pentafluorophenyl ligand trans to one end of the dppp. The 
Ru-C6F5 bond length (2.172(3) Å) is significantly shorter than the value of 2.250(4) Å 
found in Ru(dmpe)2(C6F5)H,48 but in the latter, the perfluoroaryl ring is opposite the 
high trans influence hydride ligand. The steric congestions evident from the molecular 
structure of 80 (Figure 18) are manifested within the 1H and 19F NMR spectra. The 19F  
NMR spectrum displayed 5 resonances in a 1:1:1:1:1 ratio between δ -96.8 and -166.2 
indicating hindered rotation around the Ru-C6F5 bond, with assignment of the fluorine 
resonances provided by 19F-19F COSY. Further to this, the hydride resonance for 80 
appeared as quartet at δ -3.89 (JHP = JHF = 22.2 Hz), the multiplicity arising from the 
similar magnitude of the two cis-JHP couplings and a single ortho-fluorine splitting. This 
was confirmed by a 1H-19F HMBC experiment which showed a single correlation 
between the hydride and a multiplet ortho C-F resonance at δ -99.2. The X-ray crystal 
structure of 80 displays a short contact of 2.439 Å between the hydride and the ortho 
C-F resonance. This is within the van der Waals radii, and could indicate that the 
observed JHF coupling arises via a through space interaction, however we cannot 
definitively rule out a conventional through bond coupling.11,49 The 31P{1H} NMR 
spectrum also displayed some interesting features; with a doublet resonance (JHP = 32.1 
Hz) observed at δ 34.5 and a multiplet resonance observed at δ 31.8. Again we were 
unable to assign whether the multiplicity was due to a through bond or through space 
P-F coupling. 
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Figure 18: Space filling diagrams of Ru(ICy)(dppp)(CO)(C6F5)H (80) highlighting the short H-F 
contact and the π-π stacking interactions between the two aryl rings. 
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Figure 19: Interconversion of Ru(ICy)(dppp)(CO)HF (79) and Ru(ICy)(dppp)(CO)H2 (78), and C-F 
activation products from the reaction of Ru(ICy)(dppp)(CO)H2 (78) with C6F6, C6F5CF3 and C5F5N. 
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4.5.2 Reaction of Ru(ICy)(dppp)(CO)H2 (78) with C6F5CF3 and C5F5N 
 
In contrast to C6F6, C-F activation of both C6F5CF3 and C5F5N by 78 took place at room 
temperature, resulting in two products; 79 and the resultant coordinated aryl complex 
Ru(ICy)(dppp)(C6F4CF3)H (81) or Ru(ICy)(dppp)(C5F4N)H (82) (see Figure 19) (for 
NMR characterisation see experimental section). In both reactions the ratio of 79 to 
81/82 was not 1:1 (79 was the minor product). To investigate this further, a sample of 
79 was combined with 10 equivalents of C6F5CF3 and the reaction monitored by 1H 
NMR spectroscopy (Figure 20). The hydride signal for 81 was observed almost 
immediately after addition, with the hydride signal for 79 not observed until 15 minutes 
later. After 45 minutes the ratio of 79 to 81 was 0.4:1, while a product ratio of 0.6:1 was 
obtained upon completion of the reaction. The same ratio of 0.6:1 was also observed 
upon completion of the reaction of 78 with C5F5N.  
 
The slower formation of 79 can perhaps be rationalised by considering the reaction of 
78 with Et3N·3HF, which occurs slowly at room temperature requiring 8 hours to reach 
completion. If the reaction of 78 with C6F5CF3 or C5F5N is kinetically favoured over the 
reaction with HF, and as there are significantly greater quantities of fluoro-arene present 
(ca. 10 eq.) than the HF generated, it would seem plausible for the coordinated 
fluoroaryl complexes 81/82 to be produced in greater yield. Another possible reason for 
the lower concentration of 79 is trapping of the HF, most likely by adventitious 
moisture or the surface of the glassware. In fact when 10 equivalents of Et3N were 
added to the reaction of 78 with C6F5CF3 the ratio of 79 and 81 was decreased further to 
0.2:1 (79:81). 81 and 82 were isolated by addition of Et3SiH to the reaction mixture and 
heating at 393 K. 
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Figure 20: Hydride region of the 1H NMR spectrum (C6D6, 400 MHz, 298 K) for the reaction of 
Ru(ICy)(dppp)(CO)H2 (78) with C6F5CF3, illustrating the difference in the rate of formation of 
Ru(ICy)(dppp)(CO)HF (79) and Ru(ICy)(dppp)(CO)(C6F4CF3)H (81) over a 90 minute period. 
 
4.5.2.1 Solid-state characterisation and comparison of the coordinated fluoroaryl 
complexes 80, 81 and 82  
 
The X-ray crystal structures of the two compounds 81 and 82 revealed C-F activation 
para to the CF3- and N-substituents. There is very little variation between the bond 
lengths and angles for 80 (Figure 21), 81 (Figure 22), and 82 (Figure 23) as shown by 
the metrics presented in Table 9. In all three structures, the plane of the fluoroaryl ring 
is almost coplanar with the mean-plane subtended by the ruthenium centre, the carbonyl 
carbon, the α-carbon of the fluoroaryl ring and the phosphorus atom coplanar with the 
carbonyl, with inter-plane angles of 1.25, 8.95 and 2.50° obtained for complexes 80, 81 
and 82 respectively. Moreover, this is consolidated by the offset π-π interactions 
throughout (Figure 18),50 between the fluoroaryl ring and a phenyl group attached to the 
phosphorus trans to the carbene, with centroid-centroid distances of 3.83, 3.78 and 
3.74 Å obtained for 80, 81 and 82 respectively.   
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        80        81        82 
Ru-CO 1.913(3) 1.921(2) 1.909(2) 
Ru-CNHC 2.130(3) 2.145(2) 2.127(2) 
Ru-Caryl 2.172(10) 2.160(2) 2.149(2) 
Ru-Ptrans to NHC 2.3103(8) 2.3191(6) 2.3326(6) 
Ru-Ptrans to aryl 2.3160(8) 2.3150(6) 2.3197(6) 
P-Ru-P 93.77(3) 91.29(2) 93.49(2) 
OC-Ru-Ptrans to NHC 83.75(8) 87.05(7) 82.53(7) 
OC-Ru-Ptrans to aryl 89.95(8) 88.92(7) 91.29(7) 
CNHC-Ru-Ptrans to NHC 92.67(7) 88.49(6) 92.48(6) 
CNHC-Ru-Ptrans to aryl 166.54(7) 168.40(6) 165.75(6) 
Caryl-Ru-CNHC 84.99(10) 91.66(8) 86.10(8) 
Caryl-Ru-CO 96.16(11) 97.01(9) 96.94(9) 
Caryl-Ru-Ptrans to NHC 88.65(7) 87.72(6) 88.08(5) 
Caryl-Ru-Ptrans to aryl 177.57(7) 175.80(6) 178.34(6) 
 
Table 9: Selected bond lengths [Å] and angles [°] for Ru(ICy)(dppp)(CO)(C6F5)H (80) 
Ru(ICy)(dppp)(CO)(C6F4CF3)H (81) and Ru(ICy)(dppp)(CO)(C5F4N)H (82). 
 
The regioselectivity for activation at the para-position in C6F5CF3 and C5F5N is 
consistent with a reaction mechanism involving either nucleophilic attack or electron 
transfer.51-54 In an attempt to probe the latter pathway, 78 was reacted with C6F5CF3 in 
the presence of 10 equivalents of the radical trap DHA. Perhaps unsurprisingly given 
previous reports by Holland55 and Perutz,48 the addition of DHA had no effect on the 
rate of the reaction or on the product ratio indicating that an electron transfer 
mechanism is unlikely. However, as further experiments are required to conclusively 
prove either reaction mechanism neither should be ruled out since they both allow for 
the observed regioselectivity of activation (see section 4.6.1 on C6F5H).  
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Figure 21: Molecular structure of Ru(ICy)(dppp)(CO)(C6F5)H (80). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except Ru-H) are omitted for clarity. 
 
 
Figure 22: Molecular structure of Ru(ICy)(dppp)(CO)(C6F4CF3)H (81). Thermal ellipsoids are 
represented at 30 % probability. The solvent molecule, the minor disordered fluorines of the CF3 
and the hydrogen atoms (except Ru-H) are omitted for clarity. 
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Figure 23: Molecular structure of Ru(ICy)(dppp)(CO)(C5F4N)H (82). Thermal ellipsoids are 
represented at 30 % probability. Solvent molecules and hydrogen atoms (except Ru-H) are omitted 
for clarity. 
 
4.6 Reaction of Ru(ICy)(dppp)(CO)H2 (78) with partially fluorinated arenes 
 
It has been stated previously in Chapter 3 that the stoichiometric reaction of 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48) with C6F5H results in the formation of 
Ru(NHC)(PPh3)(CO)HF and 1,2,3,4-C6F4H2. There is evidence that this reaction 
proceeds via an initial C-H activation (which occurs at room temperature). Since the 
reaction of 78 with C6F6, C6F5CF3 and C5F5N showed formation of the coordinated aryl 
complexes 80, 81 and 82 respectively, it was decided to investigate the reactivity of 78 
towards the partially fluorinated arene C6F5H. This allowed for examination of the 
chemoselectivity of the complex towards sp2-hybridised C-F or C-H bonds.  
 
4.6.1 Reaction of Ru(ICy)(dppp)(CO)H2 (78) with C6F5H 
 
No reaction was observed upon combining 78 with 5 equivalents of pentafluorobenzene 
at room temperature, although upon heating at 393 K for 16 hours, 79, 80 and a new 
hydride containing product Ru(ICy)(dppp)(CO)(C6F4H)H (83) were generated in good 
yield (Figure 24). The hydride signal for 83 was centred at δ -3.86 and displayed the 
same multiplicity as 80 with almost identical coupling constants (JHP = JHF = 21.9 Hz) 
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(cf. 80 = 22.2 Hz). The 19F  NMR spectrum of 83 displayed four resonances at δ -98.4, -
100.8, -141.7 and -142.1 in a 1:1:1:1 ratio indicating a lack of rotation around the Ru-
C6F4H. Coupling between the hydride signal and the quartet Ru-F resonance at δ -100.8 
was confirmed by 1H-19F HMQC. A correlation was also found from the 19F signals to a 
multiplet resonance at δ 6.23 in the 1H NMR spectrum for the C-H of the coordinated 
tetrafluorobenzyl ligand. The 31P{1H} NMR spectrum displayed signals almost identical 
to those for 80, 81 and 82, therefore confirming the formation of 
Ru(ICy)(dppp)(CO)(C6F4H)H (83) via C-F activation of C6F5H. The formation of 83 
and 80 indicated that both C-F and C-H activation had occurred, with the C-F activation 
occurring para to the C-H of C6F5H. This regioselectivity agrees with the two possible 
mechanisms described previously, with the activation of the most electronegative 
fluorine taking place. However, this contrasts with the C-F activation of C6F5H by 
Ru(NHC)(PPh3)2(CO)H2 (29, 39, 47 and 48), indicating that while the complexes are 
chemically similar, there are significant variations in the reactivity and mechanism of 
the C-F activation process.  
 
Previous studies on the reactivity of partially fluorinated aromatic molecules with a 
wide range of transition metal complexes have revealed a large variation in 
chemoselectivity. Thus, [Re(η5-Cp*)(CO)3],56 [Rh(PEt3)3H],57 [Ir(PiPr3)2H5]58 and 
[Pt(PCy3)2]59,60 are all selective for the C-H bond in both C6F5H and C5F4HN, while 
[Ru(dmpe)2H2],48 [Rh(η5-Cp*)(PMe3)H2],61 [Ni2(IiPr)4(cod)],62 and [Ni(cod)2/PEt3]63 all 
react via C-F cleavage. There are a limited number of examples (e.g. 
[Rh(PMe3)3(SiPh3)]64 and [Zr(η5-Cp*)2H2]65) which react by both C-H and C-F 
activation. Computational studies comparing the ability of the coordinatively 
unsaturated fragments [Os(PH3)2(CO)(C6H5)H], [Rh(η5-Cp)(PH3)] and 
[M(H2PCH2CH2PH2)] (M = Ni, Pt)66,67 to undergo oxidative addition of either C-F or 
C-H bonds indicate that while C-F activation is always thermodynamically more 
favourable, a lower kinetic barrier usually exists for C-H cleavage.  
 
As heating 78 with C6F5H for 16 hours resulted in a mixture of C-H and C-F activation 
products, the reaction mixture was heated further to see if a single product could be 
obtained. After 3 days at 393 K, the sole ruthenium containing product observable in the 
1H, 19F and 31P{1H} NMR spectra was 79, while the 1H and 19F NMR spectra also 
contained resonances for 1,2,4,5-C6F4H2. The two reaction products were present in a 
1:2 ratio such that the formation of one mole of 79 resulted in the formation of ½ a mole 
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of 1,2,4,5-C6F4H2. This clearly indicates that prolonged heating of 78 with C6F5H 
results in hydrodefluorination (HDF) to yield 1,2,4,5-C6F4H2, presumably via the 
reaction of 83 with the H2 that is formed in both the C-F and C-H activation reactions 
(for further HDF see section 4.7).  
 
Ph2P
PPh2
Ru
OC H
H
NN
Ph2P
PPh2
Ru
OC
NN
F
F
F
F
H
H
79 ++ 80
C6F5H
393 K
2,3,5,6-C6F4H2, 393 K
(83)(78)
 
Figure 24: Product formation from the reaction of Ru(ICy)(dppp)(CO)H2 (78) with C6F5H. 
 
As attack of both the C-H and C-F bonds have occurred at the para positions, 
1,2,4,5-C6F4H2 was combined with 78 to try and promote only C-H activation and 
hence result in clean formation of 83. Heating 78 with 10 equivalents of 1,2,4,5-C6F4H2 
at 393 K resulted in almost complete conversion to 83 within 20 hours. The reaction 
mixture contained ca. 5% 79, indicating that there is a minor C-F activation reaction 
taking place. The 1H, 19F and 31P{1H} NMR spectra displayed no resonances to indicate 
the formation of the fluoroaryl complex Ru(ICy)(dppp)(CO)(C6F3H2)H, and there was 
no evidence by 19F NMR spectroscopy for the formation of any HDF products from 
1,2,4,5-C6F4H2.  
 
4.6.1.1 Solid-state characterisation of Ru(ICy)(dppp)(CO)(C6F4H)H (83) 
 
The solid state structure of 83 displays the same ligand arrangement as in the 
perfluoroaryl complexes 80, 81 and 82, with similar bond lengths and angles displayed 
for all four species (Figure 25, Table 10). Likewise 83 has a π-π interaction (3.86 Å) 
between the fluoroaryl ring and a phenyl group of the phosphorus trans to the NHC. An 
inter-plane angle of 6.49° is also observed between the fluoroaryl ring plane and the 
mean-plane subtended by the ruthenium centre, the carbonyl carbon, the α-carbon of the 
fluoroaryl ring and the phosphorus atom coplanar with the carbonyl.  
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Figure 25: Molecular structure of Ru(ICy)(dppp)(CO)(C6F4H)H (83). Thermal ellipsoids are 
represented at 30 % probability. Hydrogen atoms (except Ru-H) are omitted for clarity. 
 
Bond Lengths (Å)    
Ru(1)-C(1) 1.9139(17) Ru(1)-P(1) 2.3167(4) 
Ru(1)-C(2) 2.1467(16) Ru(1)-P(2) 2.3179(4) 
Ru(1)-C(17) 2.1694(16) C(1)-O(1) 1.153(2) 
    
Bond Angles (°)    
P(1)-Ru(1)-P(2) 91.247(16) C(17)-Ru(1)-C(2) 88.36(6) 
C(1)-Ru(1)-P(1) 87.68(5) C(17)-Ru(1)-C(1) 96.83(7) 
C(1)-Ru(1)-P(2) 87.19(5) C(17)-Ru(1)-P(1) 87.63(4) 
C(2)-Ru(1)-P(1) 169.16(4) C(17)-Ru(1)-P(2) 175.77(4) 
C(2)-Ru(1)-P(2) 92.02(4)   
 
Table 10: Selected bond lengths (Å) and angles (°) for Ru(ICy)(dppp)(CO)(C6F4H)H (83). 
 
4.6.2 Reactivity of Ru(ICy)(dppp)(CO)H2 with C6F4HCF3 and C5F4HN 
 
To further investigate the chemoselectivity of 78 towards aromatic C-H and C-F bonds, 
the partially fluorinated compounds 2,3,5,6-C6F4HCF3 and 2,3,5,6-C5F4HN were 
studied. Since neither contained para-F atoms, they should only be susceptible to C-H 
activation. However, upon heating 78 at 393 K with 10 equivalents of 2,3,5,6-C6F4HCF3 
or 2,3,5,6-C5F4HN, formation of the C-H activation products 81 and 82, was 
accompanied by the formation of 79. In both cases the formation of 79 contributes to ca. 
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20-30 % of the reaction products. Et3SiH can be added to convert 79 to 78, which can 
then react with either the excess 2,3,5,6-C6F4HCF3 or 2,3,5,6-C5F4HN to generate 81 or 
82 respectively. The fact that both reactions result in the formation of 79 clearly 
indicates that some C-F activation must still be occurring at either the ortho- or meta-
CF positions (activation of the CF3 group is ruled out as 79 is not formed when 78 is 
heated in the presence of α,α,α-octafluorotoluene). However, no hydride signals 
attributable to the corresponding fluoroaryl hydride products 
Ru(ICy)(dppp)(C6F3HCF3)H or Ru(ICy)(dppp)(C5F3HN)H were observed in the 1H 
NMR spectrum, and, as in the reaction of 78 with 1,2,4,5-C6F4H2, there is no evidence 
for any HDF products in the 1H or 19F NMR spectra. This suggests that both 
Ru(ICy)(dppp)(C6F3HCF3)H and Ru(ICy)(dppp)(C5F3HN)H are either not formed or 
that they degrade when heated over time. It was previously observed that prolonged 
heating of 78 in the presence of C6F5H resulted in 79 and the HDF product 
1,2,4,5-C6F4H2, however, when 80-83 were refluxed at 393 K there was no evidence for 
formation of 79. The lack of degradation of 80-83 and the absence of evidence for any 
HDF products from the reaction of 78 with 1,2,4,5-C6F4H2, 2,3,5,6-C6F4HCF3 or 
2,3,5,6-C5F4HN means that further experiments are required to determine how 79 is 
formed.  
 
4.7 HDF of fluoroarenes with Ru(ICy)(dppp)(CO)H2  
 
The synthesis of 80-83 from C6F6, C6F5CF3, C5F5N and C6F5H has indicated that the 
reaction mechanism involved the release of H2, which is then depleted to give small 
amounts of the HDF products C6F5H, 2,3,5,6-C6F4HCF3, 2,3,5,6-C5F4HN and 
1,2,4,5-C6F4H2. It has also been reported that prolonged heating of 78 with C6F5H 
results in 79 and the HDF product 1,2,4,5-C6F4H2, so the catalytic activity of 78 towards 
C6F6, C6F5CF3, C5F5N and C6F5H was assessed. Toluene solutions of 78 (0.01 M), 
fluoroarene (0.1 M), H2 (1 atm.) and Et3N (0.5 M) were heated at 393 K for 19.75 hours, 
with TONs provided by integration of the 19F NMR signals to an external standard of 
α,α,α-trifluorotoluene (Table 11). In the case of C6F6, a TON of just 0.2 was obtained, 
with C6F5H the sole HDF product (Table 11, Entry 1). A similar result was also 
obtained with C6F5H, the reaction giving a TON of 0.5 with 100 % selectivity for 
1,2,4,5-C6F4H2 (Table 11, Entry 2). The results for the HDF of C6F5CF3 and C5F5N 
were much more promising with TONs of 1.9 (Table 11, Entry 3) and 2.0 (Table 11, 
Entry 4) obtained respectively. Both processes are highly selective with HDF occurring 
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at the CF position para to the electron withdrawing group. Attempts at obtaining HDF 
of the partially fluorinated substrates 2,3,5,6-C6F4HCF3 and 2,3,5,6-C5F4HN in a 
catalytic cycle with 79 were unsuccessful, with no resonances for the HDF products 
observed by 19F NMR spectroscopy.  
 
As reported in Chapter 3, when HDF was undertaken with Ru(IPr)(PPh3)2(CO)H2 (47) 
and Et3SiH, HDF of C6F5CF3 and C5F5N resulted in multiple HDF steps and a number 
of regio-isomers (see Chapter 3, section 3.3.3).68 As 78 resulted in good regio- and 
chemo-selectivity (although low activity) for the HDF of the fluoroarenes C6F6, 
C6F5CF3, C5F5N and C6F5H under just 1 atm. of H2, it was decided to see if the catalytic 
cycle could be improved by replacing H2 with Et3SiH. This would also allow for the 
removal of Et3N, with Et3SiF as the driving force of the reaction and hence preventing 
excess HF formation. Standard toluene solutions of 78 (0.01 M), fluoroarene (0.1 M), 
and Et3SiH (0.2 M) were heated at 393 K for 19.75 hours, with the TONs again 
provided by integration of the 19F NMR resonances to an external standard of 
α,α,α-trifluorotoluene (Table 11). Under this system the HDF of C6F6 showed a 
significant increase in activity (TON = 3.9) although there was a concomitant decrease 
in the regio- and chemo-selectivity with C6F5H also accompanied by the secondary 
HDF products 1,2,4,5-C6F4H2 and 1,2,3,4-C6F4H2 (Table 11, Entry 5). The HDF of 
C6F5H also resulted in 1,2,4,5-C6F4H2 and 1,2,3,4-C6F4H2 with 1,2,3,4-C6F4H2 as the 
major isomer (72.6 %) (Table 11, Entry 6). The HDF of C6F5CF3 saw an increase in the 
activity with a TON of 3.9 achieved, however once again there was a decrease in 
regioselectivity with the formation of 2,3,5,6-C6F4HCF3 also accompanied by minor 
amounts of 2,3,4,5-C6F4HCF3 (Table 11, Entry 7). All of these results contrast with the 
HDF of C5F5N which had an increase of TON (4.2) yet remained 100 % selective for 
2,3,5,6-C5F4HN (Table 11, Entry 8).  
 
The difference in the regioselectivity observed for the HDF of C6F5H and C6F5CF3 
implies that the mechanism is altered significantly when H2 is replaced with Et3SiH. 
Further experiments are therefore required to distinguish between the possible 
mechanistic processes of electron transfer and nucleophilic attack. In Chapter 3 (section 
3.3.2) we reviewed the mechanistic process for the HDF of C6F5H with the 
bis-triphenylphosphine complex Ru(IPr)(PPh3)2(CO)H2 (47). We postulated that the 
HDF of C6F5H occurs via initial C-H bond activation, accompanied by subsequent C-F 
bond activation to form a benzyne intermediate. This intermediate then reacts with H2 
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resulting in the production of 1,2,3,4-C6F4H2. While this mechanism can still be applied 
for HDF with 78 and Et3SiH, the stability of the complexes 78-83 allows for further 
investigation into the mechanistic process of HDF. Further studies of the HDF with H2 
are also required, as this system appears to offer greater regio- and chemoselectivity.  
 
Entry Substrate Conditions Product Distribution 
 (%) 
Selectivity  
(%) 
TON 
1 C6F6 H2 (1 atm.) 
Et3N (0.5 M) 
C6F5H (2.0) 100 0.2 
2 C6F5H H2 (1 atm.) 
Et3N (0.5 M) 
1,2,4,5-C6F4H2 (5.4) 100 0.5 
3 C6F5CF3 H2 (1 atm.) 
Et3N (0.5 M) 
2,3,5,6-C6F4HCF3 (19.3) 100 1.9 
4 C6F5N H2 (1 atm.) 
Et3N (0.5 M) 
2,3,4,5-C5F4HN (20.0) 100 2.0 
5 C6F6 Et3SiH (0.2 M) C6F5H (25.8) 
1,2,3,4-C6F4H2 (5.3) 
1,2,4,5-C6F4H2 (1.5) 
- 3.9 
6 C6F5H Et3SiH (0.2 M) 1,2,3,4-C6F4H2 (31.7) 
1,2,4,5-C6F4H2 (12.0) 
72.6 4.4 
7 C6F5CF3 Et3SiH (0.2 M) 2,3,4,5-C6F4HCF3 (4.0) 
2,3,5,6-C6F4HCF3 (39.0) 
90.7 3.9 
8 C5F5N Et3SiH (0.2 M) 2,3,4,5-C5F4HN (42.1) 100 4.2 
 
Table 11: Catalytic HDF of C6F6, C6F5H, C6F5CF3, C6F5N by Ru(ICy)(dppp)(CO)H2 (78) in toluene 
at 393 K for 19.75 h. 
 
4.8 Summary  
 
Ru(dppp)(PPh3)(CO)HF (62) can be prepared easily by the addition of dppp to 1. The 
addition of IiPr2Me2 or IMes to 62 results in the formation of the complexes 
Ru(NHC)(dppp)(CO)HF (65 and 68), which undergo base/carbene induced 
intramolecular C-H activation to give the complexes Ru(NHC)’(dppp)(CO)H (66 and 
67). The formation of the dihydride complex Ru(IEt2Me2)(dppp)(CO)H2 (74) by 
addition of IEt2Me2 to 61 shows similar behaviour to the hydride fluoride analogue 62, 
as 74 is also accompanied by the C-H activated complex Ru(IEt2Me2)’(dppp)(CO)H 
(73). However, the addition of IMe4 and ICy to 61 resulted in clean formation of 
Ru(NHC)(dppp)(CO)H2 (76 and 78). The dihydride complexes 69, 74, 76 and 78 all 
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react readily with Et3N·3HF to give the hydride fluoride complexes 
Ru(NHC)(dppp)(CO)HF (68, 75, 77 and 79). The four hydride fluoride complexes are 
also stable to isomerisation and disproportionation in solution contrasting with the 
analogous Ru(NHC)(PPh3)2(CO)HF complexes 3-6. The hydride fluorides 68 and 79 
react with Et3SiH at 393 K to generate the corresponding dihydride complexes 69 and 
78. The dihydride complex 69 displays limited reactivity with C6F6, with prolonged 
heating resulting in the formation of the cationic ruthenium dimer 
[Ru2(dppp)2(CO)2(µ-F)3]+ (71). Complex 78 is reactive to C6F6, C6F5CF3 and C5F5N 
resulting in activation of the para-CF bonds to form 79 and the coordinated fluoroaryl 
complexes 80, 81 or 82 respectively. Both C-F and C-H activation was observed for the 
partially fluorinated compounds C6F5H, 2,3,5,6-C6F4HCF3 and 2,3,5,6-C5F4HN. For 
C6F5H this resulted in the formation of 79, 80 and 83, while for 2,3,5,6-C6F4HCF3 and 
2,3,5,6-C5F4HN, C-H activation resulted in the formation 81 or 82 respectively, but C-F 
activation simply resulted in the formation of 79 with no other coordinated fluoroaryl or 
HDF products observed. Complex 78 is also able to achieve the catalytic HDF of C6F6, 
C6F5H, C6F5CF3 and C5F5N using either H2 or Et3SiH, with a significant difference in 
catalytic activity and the regio- and chemo-selectivity of this complex under these 
conditions requiring further investigation. These results together with recent findings 
from Sadighi69 and Radius,62,70,71 suggest that NHCs have much to offer in the further 
development of transition metal fluoride compounds and C-F bond activations.  
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5. Experimental  
 
5.1 General procedures 
 
All reactions and manipulations were carried out under argon using standard Schlenk 
line techniques or under argon in a moisture free MBraun LABmaster glovebox unless 
otherwise stated. Glassware was oven dried at 413 K overnight and subsequently flame 
dried under vacuum. Solvents were purified using an MBraun SPS solvent system 
(hexane, diethyl ether, dichloromethane), Innovative Technologies PS-400-7 solvent 
system (THF, chloroform, methanol) or under a nitrogen atmosphere from sodium 
benzophenone ketyl (benzene, toluene) or Mg/I2 (ethanol). NMR solvents (Fluorochem) 
were vacuum transferred from potassium (C6D6, C6D5CD3, THF-d8) or calcium hydride 
(CDCl3 and CD2Cl2). Fluorocarbons, silanes and pyridine-d8 were dried over activated 
3 Å molecular sieves and subsequently stored under argon. H2 (99.99 %) and CO were 
used as received from BOC. RuCl3.3H2O was kindly donated by Johnson-Matthey. 
 
5.2 Physical and analytical techniques   
 
Solution NMR spectra were recorded on Bruker Avance 300, 400 and 500 MHz (Bath) 
and DPX 200, 400, 500 and 700 MHz (ETHZ)1 NMR spectrometers at 298 K unless 
otherwise stated, and referenced as follows (1H; 13C{1H}): benzene (δ 7.15; δ 128.0), 
chloroform (δ 7.26; δ 77.4), dichloromethane (δ 5.32; δ 128.0), pyridine (δ 8.72; 
δ 123.5), THF (δ  3.58; δ 128.0) or toluene (δ 2.04; δ  128.0). 31P{1H} NMR chemical 
shifts were referenced externally to 85 % H3PO4 (δ 0.0), while 19F spectra were 
referenced to CFCl3 (δ 0.0). 2D experiments (1H COSY, 1H-X (X = 13C, 31P, 19F) 
HMQC, HMBC, HSQC, NOESY) were performed using standard Bruker pulse 
sequences. 19F-1H HOESY experiments were acquired using the standard four-pulse 
sequence and carried out using a doubly tuned TXI probe.1 IR spectra were recorded on 
a Nicolet Nexus FTIR spectrometer. Elemental analyses were conducted by Elemental 
Microanalysis Ltd., Okehampton, Devon, UK. X-ray crystal structures were recorded on 
a Nonius KappaCCD diffractometer, with structural solutions and refinement performed 
using SHELXS-972 and represented as POVray structures. 
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Mass Spectrometry was undertaken using a micrOTOF electrospray time-of-flight (ESI-
TOF) mass spectrometer (Bruker Daltonik GmbH); this was coupled to an Agilent 1200 
LC system (Agilent Technologies). Rather than any chromatographic separation taking 
place, the LC system was used as an autosampler and sample introduction mechanism 
only. A 10 µL sample was injected into a 30/70 flow of water/acetonitrile at 0.3 mL/min 
in the mass spectrometer. The nebulizing gas used was N2, applied at a pressure of 1 
bar. The drying gas was also N2, supplied at a flow rate of 8 L/min and a temperature of 
473 K. Positive ion mode was used with a corresponding capillary voltage of −4000 V. 
Only full scan data were acquired. Samples were prepared under inert-atmosphere 
conditions in an MBraun glovebox by dissolving 1 mg of compound in 1 mL of 
CH3CN, and then diluting 1 µL of the mixture to 1 mL. For each acquisition 10 µL of 5 
mM sodium formate was injected after the sample as a calibrant over the mass range 
m/z 50−1500, using the high precision calibration (HPC) algorithm. Data acquisition 
and automated processing were controlled via Compass OpenAccess 1.2 software 
(Bruker Daltonik GmbH).  
 
5.3 Preparation of N-Heterocyclic carbenes  
 
5.3.1 Preparation of 1,3,4,5-tetramethylimidazol-2-ylidene (IMe4) 
 
N N:  
 
IMe4 was prepared by a method adapted from the literature.3 
 
5.3.1.1 Preparation of 1,3,4,5-tetramethylimidazole-2(3H)-thione 
 
A stirred 1-hexanol (250 mL) solution of 1,3-dimethyl-2-thiourea (10.4 g, 0.1 mol) and 
3-hydroxy-2-butanone (8.8 g, 0.1 mol) was refluxed (431 K) for 12 h. The solvent was 
removed in vacuo. The residue was washed with H2O (2 x 30 mL) and Et2O (3 x 20 
mL) and finally recrystallised from EtOH/H2O (1:1). The compound was obtained as 
colourless needles. Yield: 9.0 g (58 %). 1H NMR (CD2Cl2, 300 MHz, 298 K): δ 3.47 (s, 
6H, NCH3), 2.05 (s, 6H, CCH3). 13C{1H}: δ 160.9 (s, CS), 120.8 (s, CCH3), 32.0 (s, 
NCH3), 9.4 (s, CCH3). 
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5.3.1.2 Preparation of 1,3,4,5-tetramethylimidazol-2-ylidene (IMe4) 
 
Chopped pieces of potassium metal (0.5 g, 12.8 mmol) were added at 273 K to a 
solution of 1,3,4,5-tetramethylimidazole-2(3H)-thione (0.8 g, 5.0 mmol) in THF (30 
mL) and refluxed under argon for 4 h. The filtered solution was evaporated to dryness 
to give a yellow solid. Yield: 0.6 g (91 %). 1H NMR (C6D6, 300 MHz, 298 K): δ 3.36 (s, 
6H, NCH3), 1.57 (s, 6H, CCH3). 13C{1H}: δ 211.3 (s, NCN), 122.6 (s, CCH3), 35.5 (s, 
NCH3), 9.0 (s, CCH3). 
 
5.3.2 Preparation of 1,3-diethyl-4,5-dimethylimidazol-2-ylidene (IEt2Me2) 
 
N N:  
 
IEt2Me2 was prepared by a method adapted from the literature.3 
 
5.3.2.1 Preparation of 1.3-diethyl-4,5-dimethylimidazole-2(3H)-thione 
 
A stirred 1-hexanol solution (250 mL) of 1,3-diethyl-2-thiourea (13.2 g, 0.1 mol) and 
3-hydroxy-2-butanone (8.8 g, 0.1 mol) was refluxed (431 K) for 12 h. The solvent was 
removed in vacuo. The residue was washed with H2O (2 x 30 mL) and Et2O (3 x 20 
mL). Yield 8.7 g (47 %). 1H NMR (CDCl3, 300 MHz, 298 K): δ 4.06 (q, JHH = 7.2 Hz, 
4H, NCH2CH3), 2.07 (s, 6H, CCH3), 1.24 (t, JHH = 7.2 Hz, 6H, NCH2CH3). 13C{1H}: 
δ 159.3 (s, CS), 120.8 (s, CCH3), 40.2 (s, NCH2CH3), 14.3 (s, NCH2CH3), 9.3 (s, 
CCH3). 
 
5.3.2.2 Preparation of 1,3-diethyl-4,5-dimethylimidazol-2-ylidene (IEt2Me2) 
 
Chopped pieces of potassium metal (1.0 g, 25.6 mmol) were added at 273 K to a 
solution of 1,3-diethyl-4,5-dimethylimidazole-2(3H)-thione (1.8 g, 10.0 mmol) in THF 
(60 mL) and refluxed under argon for 4 h. The filtered solution was evaporated to 
dryness to give a white solid. Yield: 2.5 g (83 %). 1H NMR (C6D6, 400 MHz, 298 K): 
δ 3.79 (q, JHH = 7.1 Hz, 2H, CH2CH3), 1.69 (s, 6H, CCH3), 0.44 (t, JHH = 7.1 Hz, 6H, 
CH2CH3). 13C{1H}: δ 211.5 (s, NCN), 122.6 (s, CCH3), 43.7 (s, NCH2CH3), 18.0 (s, 
NCH2CH3), 9.5 (s, CCH3). 
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5.3.3 Preparation of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (IiPr2Me2) 
 
N N:
 
 
IiPr2Me2 was prepared by a method adapted from the literature.3 
 
5.3.3.1 Preparation of 1.3-diisopropyl-4,5-dimethylimidazole-2(3H)-thione 
 
A stirred 1-hexanol solution (250 mL) of 1,3-diisopropyl-2-thiourea (16.0 g, 0.1 mol) 
and 3-hydroxy-2-butanone (8.8 g, 0.1 mol) was refluxed (431 K) for 12 h. The solvent 
was removed in vacuo. The residue was washed with H2O (2 x 30 mL) and Et2O (3 x 20 
mL) and dried under vacuum. The compound was obtained as colourless needles. Yield: 
15.0 g (93 %). 1H NMR (C6D6, 300 MHz): δ 5.61 (sept, JHH = 6.9 Hz, 2H, CH(CH3)2), 
2.16 (s, 6H, CCH3), 1.40 (d, JHH = 6.9 Hz, 12H, CH(CH3)2). 13C{1H}: δ 160.2 (s, CS), 
121.2 (s, CCH3), 48.9 (s, NCH(CH3)2), 20.3 (s, NCH(CH3)2, 10.1 (s, CCH3). 
 
5.3.3.2 Preparation of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (IiPr2Me2) 
 
Chopped pieces of potassium metal (1.0 g, 25.6 mmol) were added at 273 K to a 
solution of 1,3-diisopropyl-4,5-dimethylimidazole-2(3H)-thione (2.1 g, 10.0 mmol) in 
THF (60 mL) and refluxed under argon for 4 h. The filtered solution was evaporated to 
dryness to give a white solid. Yield: 0.9 g (86 %). 1H NMR (C6D6, 400 MHz, 298 K): 
δ 3.94 (sept, JHH = 6.9 Hz, 2H, CH(CH3)2), 1.72 (s, 6H, CCH3), 1.47 (d, JHH = 6.9 Hz, 
12H, CH(CH3)2). 13C{1H}: δ 206.4 (s, NCN), 121.5 (s, CCH3), 48.6 (s, NCH(CH3)2), 
24.6 (s, NCH(CH3)2, 8.9 (s, CCH3). 
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5.3.4 Preparation of 1,3-bis(cyclohexyl)-imidazol-2-ylidene (ICy)  
 
N N:
 
 
The synthesis for ICy was provided by Prof. Steven Nolan, University of St. Andrews.4 
 
5.3.4.1 Preparation of 1,3-bis(cyclohexyl)imidazolium tetrafluoroborate 
 
A suspension of paraformaldehyde (3.0 g) in toluene (15 mL) was cooled in an ice bath 
and cyclohexylamine (23 mL, 0.2 mol) was added dropwise over an hour. HCl (25 mL, 
4 M in dioxane) was then added dropwise over 30 minutes, maintaining the temperature 
below 298 K. The white cloudy mixture was allowed to warm to room temperature 
before adding glyoxal (11.5 mL). The mixture was stirred for 1 h and then toluene (30 
mL) was added. Water (10.8 cm3) was removed from the reaction mixture using a Dean-
Stark trap. The volatiles were removed from the remaining mixture in vacuo affording 
the imidazolium chloride as a brown sticky solid. This was dissolved in water (75 mL) 
and tetrafluoroboric acid (13 mL) added, which immediately precipitated the BF4 salt as 
a pale brown solid. Yield 26.0 g (41 %). 1H NMR (CDCl3, 400 MHz, 298 K): δ 8.91 (t, 
JHH = 1.7 Hz, 1H N(CH)N), 7.41 (d, JHH = 1.7 Hz, 2H, HC=CH), 4.29 (tt, JHH = 11.9, 
JHH = 3.8 Hz, 2H, CH-Cy), 2.17-2.13 (m, 4H, CH2-Cy), 1.90-1.87 (m, 4H, CH2-Cy), 
1.73-1.62 (m, 6H, CH2-Cy), 1.50-1.39 (m, 4H, CH2-Cy), 1.30-1.18 (m, 2H, CH2-Cy). 
13C{1H}: δ 133.2 (s, N(CH)N), 120.2 (s, HC=CH), 60.0 (s, CH-Cy), 33.2 (s, CH2-Cy), 
24.9 (s, CH2-Cy), 24.5 (s, CH2-Cy).  
 
5.3.4.2 Preparation of 1,3-bis(cyclohexyl)-imidazol-2-ylidene (ICy)  
 
NaH (0.3 g, 12.5 mmol) and NaOtBu (30.0 mg, 0.3 mmol) were added to ICy.HBF4 
(2.0 g, 5.2 mmol) in a Schlenk flask and dried under vacuum for several hours. THF (20 
mL) was added at room temperature and the mixture stirred for 4 h. The volatiles were 
removed in vacuo producing a solid brown residue. Sublimation at 373 K for 1 h 
afforded ICy as an air-sensitive white solid (turned orange rapidly). Yield: 0.8 g (66 %). 
1H NMR (C6D6, 400 MHz, 298 K): δ 6.61 (s, 2H, HC=CH), 4.10 (tt, JHH = 11.8,  JHH = 
3.7 Hz, 2H, CH-Cy), 2.06 (m, 4H, CH2-Cy), 1.69-1.62 (m, 8H, CH2-Cy), 1.49-1.46 (m, 
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2H, CH2-Cy), 1.30-1.01 (m, 6H, CH2-Cy). 13C{1H}: δ 211.7 (s, NCN), 114.9 (s, 
HC=CH), 59.0 (s, CH-Cy)), 34.2 (s, CH2-Cy), 24.9 (s, CH2-Cy), 24.8 (s, CH2-Cy).  
 
5.3.5 Preparation of 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) 
 
N N:
 
 
IMes was prepared by a method adapted from the literature.5,6 
 
5.3.5.1 Preparation of 1,3-bis(2,4,6-trimethylphenyl)diazabutadiene 
 
To a 1 L round-bottom flask was added 2,4,6-trimethylaniline (135.2 g, 1.0 mol), a 40 % 
aqueous solution of glyoxal (72.6 g, 0.5 mol) and undried but degassed EtOH (500 mL). 
The mixture was stirred for 12 h at room temperature, during which time a thick yellow 
precipitate formed. The precipitate was isolated by filtration and then washed with cold 
EtOH (3 x 50 mL). The product was finally dried under vacuum for 6 h. Yield 212.0 g 
(73 %). 1H NMR (CDCl3, 300 MHz, 298 K): δ 8.13 (s, 2H, NCH), 6.93 (s, 4H, m-CH), 
2.32 (s, 6H, p-CH3), 2.19 (s, 12H, o-CH3). 
 
5.3.5.1 Preparation of 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride 
 
To undried toluene (100 mL) was added 1,3-bis(2,4,6-trimethylphenyl)diazabutadiene 
(20.0 g, 68.5 mmol) and paraformaldehyde (2.0 g, 0.7 mmol). The reaction mixture was 
heated to reach 373 K and then cooled to 313 K at which point HCl (16.5 mL, 4 M in 
dioxane) was introduced. The reaction was maintained at 343 K for 5 h, allowed to cool 
to room temperature and stirred for a further 36 h. The product was collected by 
filtration and washed with THF (3 x 50 mL). Yield: 15.6 g (69 %). 1H NMR (CDCl3, 
300 MHz, 293 K):  δ 10.31 (s, 1H, N(CH)N), 7.65 (s, 2H, NCH), 6.88 (s, 4H, m-CH), 
2.22 (s, 6H, p-CH3), 2.04 (s, 12H, o-CH3). 
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5.3.5.2 Preparation of 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) 
 
A solution of 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride (4.00 g, 11.8 mmol) 
in THF (100 ml) was treated with excess potassium metal chunks (0.80 g, 20.0 mmol). 
The resulting slurry was heated at reflux for three hours under nitrogen to produce a red 
solution and a brown precipitate. The mixture was filtered through celite, and the 
solvent evaporated under vacuum. The solid residue was washed with cold hexane to 
afford 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene as a white powder. Yield: 
(2.82 g, 79 %). 1H NMR (C6D6, 300 MHz, 298 K): δ 6.80 (s, 4H, m-CH), 6.51 (s, 2H, 
NCH), 2.16 (s, 6H, p-CH3), 2.14 (s, 12H, o-CH3). 
 
5.3.6 Preparation of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) 
 
N N:
 
 
IPr was prepared by a method adapted from the literature.7  
 
5.3.6.1 Preparation of bis(2,6-diisopropylphenyl)diazabutadiene 
 
2,6-diisopropylaniline (53 mL, 0.28 mol) and a 40 % glyoxal solution (16 mL, 0.14 mol) 
were combined in ethanol (250 mL) in a 1 L round bottom flask. A few drops of formic 
acid were added and the mixture stirred at ambient temperature for 48 h to yield a 
yellow solid. The solid was filtered and washed with cold methanol before drying under 
vacuum. Yield: 39.4 g (75 %). 1H NMR (CDCl3, 300 MHz, 298 K): δ 8.28 (s, 2H, 
NCH), 7.34-7.15 (m, 6H, C6iPr2H3), 3.22 (sept, JHH = 6.9 Hz, 4H, CH(CH3)2), 1.27 (d, 
JHH = 6.9 Hz, 24H, NCH(CH3)2). 13C{1H}: δ 163.2 (s, NCH), 148.0 (s, CCH(CH3)2), 
136.8 (s, NCipso), 125.3 (s, p-CH), 123.3 (s, m-CH), 28.1 (s, CH(CH3)2), 22.5 (s, 
CH(CH3)2).  
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5.3.6.2 Preparation of 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride 
 
Paraformaldehyde (2.0 g, 66 mmol) and bis(2,6-diisopropylphenyl)diazabutadiene were 
combined in toluene (500 mL) and heated to 373 K. The mixture was cooled to 313 K 
before addition of 4 M HCl in dioxane (16.5 mL, 66 mmol), and heating at 343 K for 5 
h. The reaction mixture was cooled to room temperature and stirred for a further 5 days, 
before filtration and washing THF (3 x 50 mL) to give an off-white solid. Yield: 12.7 g 
(45 %). 1H NMR (CDCl3, 300 MHz, 298 K): δ 10.07 (s, 1H, N(CH)N), 8.11 (s, 2H 
NCH), 7.57 (m, 4H, m-CH), 7.23 (m, 2H, p-CH), 2.44 (sept, JHH = 6.8 Hz, 4H, 
CH(CH3)2), 1.27 (d, JHH = 6.8 Hz, 12H, CH(CH3)2), 1.23 (d, JHH = 6.8 Hz, 12H, 
CH(CH3)2). 
 
5.3.6.3 Preparation of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) 
 
In a large schlenck tube, a THF (40 mL) dispersion of 1,3-bis(2,6-
diisopropylphenyl)imidazolium chloride (6.50 g, 15 mmol) and KOtBu (1.78g, 
18 mmol) was stirred at room temperature for 4 h. The volatiles were stripped under 
vacuum to leave a brown residue which was extracted in toluene (100 mL), filtered 
through celite and concentrated in vacuo to yield IPr as an off-white solid. Yield 5.4 g 
(92 %). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.24 (t, JHH = 7.6 Hz, 2H, p-CH), 7.12 (d, 
JHH = 7.6 Hz, 4H, m-CH), 6.57 (s, 2H, NCH), 2.92 (sept, JHH = 6.8 Hz, 4H, CH(CH3)2), 
1.24 (d, JHH = 6.8 Hz, 12H, CH(CH3)2), 1.14 (d, JHH = 6.8 Hz, 12H, CH(CH3)2). 
13C{1H}: δ 220.6 (s, NCN), 146.3 (s, CCH(CH3)2), 139.0 (s, NCipso), 129.0 (s, p-CH), 
123.7 (s, m-CH), 121.6 (s, NCH), 28.8 (s, CH(CH3)2), 24.8 (s, CH(CH3)2), 23.6 (s, 
CH(CH3)2).  
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5.4 Preparation of NHC·C6F5-H adducts 
 
5.4.1 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-2-(pentafluorophenyl)imidazolidene 
(SIMes·C6F5-H) 
 
N N
H C6F5
 
 
SIMes·C6F5-H was prepared from a method adapted from the literature.8,9 
 
5.4.1.1 Preparation of N,N’-bis(2,4,6-trimethylphenylamino)ethane8 
 
Bis(2,3,6-trimethylphenyl)diazabutadiene (3.92 g, 13 mmol) and NaBH4 (5.07 g, 
134 mmol) were combined in a large Schlenk tube. A 40:60 mixture of methanol/THF 
(100 mL) was added with continual venting and the reaction mixture stirred at room 
temperature for 1.5 h until the solution became colourless. A saturated solution of 
NH4Cl (20 mL) was added drop-wise to quench excess NaBH4, the mixture was filtered 
and extracted with ether (3 x 50 mL). The extract was then washed with deionised water 
(3 x 50 mL) and dried with MgSO4. Filtration and concentration under vacuum gave a 
white solid. Yield: 3.08 g (78 %). 1H NMR (CDCl3, 400 MHz, 298 K): δ 6.83 (s, 4H, 
C6Me3H), 3.15 (s, 4H, NCH2), 2.28 (s, 12H, o-CH3), 2.23 (s, 6H, p-CH3). 13C{1H}: δ 
143.4 (s, o-CCH3), 131.5 (s, NCipso), 129.6 (s, p-CCH3), 49.2 (s, NCH2), 20.6 (s, p-CH3), 
18.5 (s, o-CH3).  
 
5.4.1.2 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-2-(pentafluorophenyl)imidazolidene 
(SIMes·C6F5-H)9 
 
A Schlenk tube was evacuated and purged with nitrogen, before addition of 
pentafluorobenzaldehyde (6.10 g, 31 mmol) and N,N’-bis(2,4,6-
trimethylphenylamino)ethane (4.60 g, 16 mmol). The solids were dissolved in minimal 
glacial acetic acid and stirred at room temperature for 1h. The reaction mixture was 
concentrated in vacuo and washed with cold methanol (3 x 50 mL). Drying under 
vacuum yielded SIMes·C6F5-H as a white solid. Yield: 4.85 g (65 %). 1H NMR (CDCl3, 
400 MHz, 298 K): δ 6.80 (s, 4H, C6Me3H2), 6.37 (s, 1H, C6F5CH), 3.91 (m, 2H, NCH2), 
3.55 (m, 2H, NCH2), 2.31 (br s, 12H, o-CH3), 2.21 (s, 6H, p-CH3). 19F: δ -136.3 (m, 1F), 
-148.6 (m, 1F), -155.8 (m, 1F), -163.1 (m, 2F). 
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5.4.2 Preparation of 1,3-bis(2,6-diisopropylphenyl)-2-(pentafluorophenyl)imidazolidene 
(SIPr·C6F5-H) 
 
N N
H C6F5
 
 
SIPr·C6F5-H was prepared from a method adapted from the literature.8,9 
 
5.4.2.1 Preparation of N,N’-bis(2,6-diisopropylphenylamino)ethane6
 
Bis(2,6-diisopropylphenyl)diazabutadiene (5.00 g, 13 mmol) and NaBH4 (5.02g, 
130 mmol) were combined in a large Schlenk tube. A 40:60 mixture of methanol/THF 
(100 mL) was added with continual venting and the reaction mixture stirred at room 
temperature for 1.5 h until the solution became colourless. A saturated solution of 
NH4Cl (20 mL) was added drop-wise to quench excess NaBH4, the mixture was filtered 
and extracted with ether (3 x 50 mL). The extract was then washed with deionised water 
(3 x 50 mL) and dried with MgSO4. Filtration and concentration under vacuum gave a 
white solid. Yield: 4.20 g (85 %). 1H NMR (CDCl3, 400 MHz, 298 K): δ 7.13 (m, 6H, 
C6iPr2H3), 3.39 (sept, JHH = 6.9 Hz, 4H, CH(CH3)2), 3.19 (s, 4H NCH2), 1.28 (d, JHH = 
6.9 Hz, CH(CH3)2). 13C{1H}: δ 143.4 (s, NCipso), 142.5 (s, CCH(CH3)2), 123.9 (s, 
p-CH), 123.7 (s, m-CH), 52.4 (s, NCH2), 27.9 (s, CH(CH3)2), 24.4 (s, CH(CH3)2). 
 
5.4.2.2 Preparation of 1,3-bis(2,4,6-trimethylphenyl)-2-(pentafluorophenyl)imidazolidene 
(SIPr·C6F5-H)7
 
A Schlenk tube was evacuated and purged with nitrogen, before addition of 
pentafluorobenzaldehyde (4.33 g, 22 mmol) and N,N’-bis(2,6-
diisopropylphenylamino)ethane (4.20 g, 11 mmol). The solids were dissolved in 
minimal glacial acetic acid (ca. 5 mL) and stirred at room temperature for 1h. The 
reaction mixture was concentrated in vacuo, washed with cold methanol (3 x 50 mL) 
and dried under vacuum to give SIPr·C6F5-H as a white solid. Yield: 3.70 g (60 %). 1H 
NMR (CDCl3, 400 MHz, 298 K): δ 7.17 (m, 4H, m-CH), 7.03 (m, 2H, p-CH), 6.31 (s, 
1H, C6F5CH), 3.89 (m, 2H, NCH2), 3.65 (m, 4H, NCH2+CHMe2), 3.53 (sept, JHH = 9.0 
Hz, 2H, CH(CH3)2), 1.41 (d, JHH = 9.0 Hz, 6H, CH(CH3)2), 1.29, (d, JHH = 9.0 Hz, 6H, 
CH(CH3)2), 1.17 (d, JHH = 9.0 Hz, 6H, CH(CH3)2), 0.79 (d, JHH = 9.0 Hz, 6H, 
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CH(CH3)2). 19F: δ -135.9 (m, 1F), -148.0 (m, 1F), -156.1 (m, 1F), -161.8 (m, 1F), -163.9 
(m, 1F).  
 
5.5 Syntheses of ruthenium phosphine complexes  
 
5.5.1 Preparation of Ru(PPh3)3(CO)H2 (IC68) 
 
Ru
Ph3P
OC H
H
PPh3
PPh3  
 
Ru(PPh3)3(CO)H2 was prepared by a method adapted from the literature.10 
 
Three Schlenk tubes were prepared: (1) was charged with hydrated ruthenium 
trichloride (2.10 g, 8.0 mmol) and EtOH (80 mL); (2) was charged with aqueous 
formaldehyde (80 mL, 40 % w/v solution) which was subsequently degassed by argon 
bubbling; (3) was charged with potassium hydroxide (2.40 g, 40.0 mmol) and EtOH (80 
mL). (1), (2) and (3) were quickly added in that order to a boiling EtOH solution (280 
mL) of triphenylphosphine (12.60 g, 48.0 mmol). The solution was heated under reflux 
for 25 min. and then cooled in an ice bath. The resulting grey precipitate was washed 
with EtOH (2 x 50 mL), deionised water (50 mL) and hexane (50 mL). The crude 
powder was dissolved in benzene and passed through neutral alumina. The solution was 
reduced in vacuo and layered with methanol to precipitate Ru(PPh3)3(CO)H2 as white 
solid which was filtered and dried under vacuum. Yield: 5.02 g (68 %). Selected 1H 
NMR (C6D6, 300 MHz, 293 K): δ -6.53 (ddt, JHP = 30.5, JHP = 15.3, JHH = 6.1 Hz, 1H, 
Ru-H), -8.29 (ddt, JHP = 74.5, JHP = 28.1, JHH = 6.1 Hz, 1H, Ru-H). 31P{1H}: δ 58.2 (d, 
JPP = 16.8 Hz), 46.1 (t, JPP = 16.8 Hz). IR (nujol, cm-1): 1960 (υCO). 
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5.5.7 Preparation of Ru(PPh3)3(CO)HCl (IC76) 
 
Ru
Ph3P
OC H
Cl
PPh3
PPh3  
 
Ru(PPh3)3(CO)HCl was prepared by a method adapted from the literature.13 
 
A 500 mL three necked round bottom flask fitted with a magetic stirrer bar, reflux 
condenser and argon inlet was charged with PPh3 (6.32 g, 24 mmol) and 
2-methoxyethanol (200 mL). The reaction mixture was heated to reflux for 10 minutes, 
followed by addition of a 2-methoxyethanol solution (60 mL) of hydrated ruthenium 
trichloride (1.04 g, 4.0 mmol) and an aqueous solution of degassed formaldehyde (80 
mL, 40 % w/v solution). The mixture was heated at reflux for a further 10 minutes, 
before cooling in an ice bath to precipitate a yellow product. The solid was filtered and 
washed with aliquots of cold ethanol (30 mL), water (30 mL), ethanol (30 mL) and 
hexane (30 mL). The resultant powder was dried in vacuo to give Ru(PPh3)3(CO)HCl. 
Yield: 3.43 g (90 %).  
 
5.5.2 Synthesis of Ru(PPh3)3(CO)HF (1) 
 
Ru
Ph3P
OC H
F
PPh3
PPh3  
 
A solution of Ru(PPh3)3(CO)H2 (1.30 g, 1.4 mmol) and Et3N·3HF (0.69 g, 4.3 mmol) in 
THF (40 mL) was heated at 358 K for 5.5 h and cooled to room temperature. The 
reaction mixture was allowed to settle and the solution transferred by cannula onto CsF 
(0.70 g, 4.6 mmol). The solution was stirred at ambient temperature for 1 h, filtered by 
cannula and concentrated under vacuum. Et2O (30 mL) was added to precipitate a cream 
solid, that was washed further with Et2O (3 × 20 mL) and dried in vacuo overnight to 
yield Ru(PPh3)3(CO)HF as a white solid. Yield:  0.70 g (53 %). Crystals suitable for 
X-ray crystallography were obtained upon layering a THF solution with hexane. 
Despite repeated attempts, it was not possible to achieve acceptable microanalysis 
results for 1, with the % C value always low. 1H NMR (C6D6, 400 MHz, 298 K): 
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δ 7.5−7.2 (m, 17H, PC6H5), 6.9−6.6 (m, 28H, PC6H5), -5.05 (dt, JHP = 112.5, JHP = 25.2 
Hz, 1H, Ru-H). 31P{1H}: δ 39.5 (m), 18.7 (m). 13C{1H}: δ 206.3 (dt, JCF = 65.0, JCP = 
13.6 Hz, Ru−CO), 137.5 (d, JCP = 26.0 Hz, PC6H5), 136.9 (vt, JCP = 20.9 Hz, PC6H5), 
135.1 (m, PC6H5), 129.5 (s, PC6H5), 129.1 (s, PC6H5), 128.5 (s, PC6H5). 19F: δ -385.1 
(q, JFP = 23.5 Hz, Ru-F). IR (nujol, cm-1):  1917 (υCO). ESI-TOF MS:  [M − HF − PPh3 
+ H]+ m/z 655.0891 (theoretical m/z 655.0898).  
 
5.5.3 Synthesis of Ru(PPh3)2(CO)2HF (2) 
 
Ru
OC
OC H
F
PPh3
PPh3  
 
Ru(PPh3)3(CO)HF (0.10 g, 0.01 mmol) was added to an ampoule and dissolved in 
benzene (10 mL). The solution was freeze-pump-thaw degassed (x3), placed under 1 
atm. of CO, and stirred for 1h. The solvent was then removed in vacuo, and the resultant 
solid washed with Et2O (2 x 5mL) to yield a white solid of Ru(PPh3)2(CO)2HF. Yield 
0.05 g (67 %). 1H NMR (C6D6, 400 MHz, 298 K): δ 8.10-7.98 (m, 12H, PC6H5), 7.10-
6.95 (m, 18H, PC6H5), -2.58 (dt, JHP = 20.3, JHF = 8.2 Hz, 1H, Ru-H). 31P{1H}: δ 38.4 
(d, JPF = 20.6 Hz). 19F: δ -417.3 (br s, Ru-F). IR (nujol, cm-1): 2029 (υCO), 1985 (υCO). 
 
5.5.4 Preparation of Ru(dppp)(PPh3)(CO)H2 (61) 
 
Ru
Ph2P
OC H
H
PPh3
PPh2
 
 
Ru(dppp)(PPh3)(CO)H2 was prepared by a method adapted from the literature.11,12 
 
Ru(PPh3)3(CO)H2 (0.75 g, 0.82 mmol) and dppp (0.36 g, 0.87 mmol) were added to an 
ampoule containing a magnetic stirrer bar followed by addition of toluene (25 mL).  The 
resulting solution was then heated under reflux at 393 K for 1 h before cooling to room 
temperature. Toluene was stripped under vacuum to give a viscous yellow oil; addition 
of ethanol (30 mL) and stirring at room temperature gave a white solid. This was 
washed with ethanol (20 mL) and hexane (20 mL) and dried under vacuum to give 
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Ru(dppp)(PPh3)(CO)H2. Yield: 0.54 g (82 %). Selected 1H NMR (C6D6, 300 MHz, 
298 K): δ -6.98 (dddd, JHP = 20.1, JHP = 26.5, JHP = 72.1, JHH = 5.6 Hz, 1H, Ru-H), 
-6.50 (dddd, JHP = 16.0, JHP = 21.4, JHP = 31.6, JHH = 5.6 Hz, 1H, Ru-H). 31P{1H}: 
δ 58.4 (dd, JPP = 229.1, JPP = 26.3 Hz), 27.6 (dd, JPP = 26.3, JPP = 22.2 Hz), 37.7 (dd, JPP 
= 229.1, JPP = 22.2 Hz). IR (nujol, cm-1): 1934 (υCO).
 
5.5.5 Synthesis of Ru(dppp)(PPh3)(CO)HF (62) 
 
Ru
Ph2P
OC H
F
PPh3
PPh2
 
 
A suspension of dppp (0.29 g, 0.71 mmol) and Ru(PPh3)3(CO)HF (0.50 g, 0.53 mmol) 
in benzene (150 mL) was placed in an ampoule fitted with a J. Youngs PTFE valve and 
heated in an oil bath at 343 K for 25 min. Upon cooling and removal of the solvent, the 
remaining white solid was washed with hexane (3 x 50 mL) and filtered to remove free 
PPh3 and dppp. The remaining solid was dissolved in THF (20 mL) and layered with 
pentane (50 mL), affording a mixture of clear needle like crystals, suitable for X-ray 
crystallography. Yield: 0.24 g (48 %). Analysis for C46H42OP3Ru·0.5C5H12 [found 
(calculated)]: C, 67.88 (67.74); H, 5.48 (5.63). 1H NMR (C6D6, 400 MHz, 298 K): 
δ 8.10 (m, 2H, PC6H5), 7.79 (m, 9H, PC6H5), 7.22-6.78 (m, 24H, PC6H5), 2.61 (m, 1H, 
PCH2), 2.55 (m, 1H, PCH2), 2.22 (m, 1H, PCH2), 2.00 (m, 1H, PCH2), 1.70 (m, 2H, 
PCH2), -4.18 (dddd, JHP = 117.1, JHP = 25.0, JHP = 16.9, JHF = 4.2 Hz, 1H, Ru-H). 
31P{1H}: δ 37.3 (dt, JPP = 291.4, JPF = JPP = 24.2 Hz), 28.2 (dt, JPP = 291.4, JPF = JPP = 
24.2 Hz), 4.1 (dt, JPF = 30.1, JPP = 23.2 Hz). 19F: δ -381.4 (m, Ru-F). IR (nujol, cm-1): 
1900 (υCO). 
 
5.5.6 Synthesis of [Ru(dppp)2(CO)2(µ-F)3][SiF5] (71) 
Ru
F
P
Ph2
F
Ph2
P F
Ru
P
Ph2
Ph2
P
COCO
+ -
F Si
F
F
F
F
 
 
To an ampoule fitted with a J. Youngs PTFE tap was added Ru(IMes)(dppp)(CO)H2 
(0.05 g, 0.06 mmol), toluene (6 mL) and C6F6 (0.22 g, 1.18 mmol). The reaction 
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mixture was heated at 393 K for 5 days, which resulted in the precipitation of a 
colourless solid. The solution was filtered by cannula, and the solid washed with hexane 
(10 mL), before drying in vacuo. Crystals suitable for analysis by X-ray crystallography 
were obtained from dichloromethane/hexane. Yield 6.7 mg (19 %). 31P{1H} NMR 
(CDCl3, 162 MHz, 298 K): δ 44.7 (m), 40.8 (m). 19F: δ -286.1 (m, 2F, Ru-F), -326.2 
(quin, JFP = 164.8 Hz, 1F, Ru-F), -139.4 (s, 5F, Si-F). 
 
5.6 Syntheses of ruthenium N-heterocyclic carbene complexes  
 
5.6.1 Syntheses of Ru-IMe4 complexes  
 
5.6.1.1 Synthesis of Ru(IMe4)(PPh3)2(CO)HF (3) 
 
Ru
OC H
F
PPh3
PPh3
N
N
 
 
Ru(PPh3)3(CO)HF (0.20 g, 0.21 mmol) and IMe4 (0.04 g, 0.31 mmol) were dissolved in 
toluene (10 mL) and the solution stirred at room temperature for 1 h. The suspension 
was filtered by cannula, and the remaining white solid was washed with hexane 
(3 × 7 mL) and toluene (5 mL) to afford Ru(IMe4)(PPh3)2(CO)HF as a white solid. 
Yield:  0.10 g (60 %). Analysis for C44H43N2OP2FRu [found (calculated)]: C, 66.26 
(66.24); H, 5.80 (5.43); N, 3.16 (3.51). 1H NMR (C6D6, 400 MHz, 298 K): δ 8.05 (m, 
12H, PC6H5), 7.05−6.99 (m, 18H, PC6H5), 3.04 (br s, 3H, NCH3), 3.24 (br s, 3H, 
NCH3), 1.37 (s, 3H, CCH3), 1.27 (s, 3H, CCH3), -5.19 (dt, JHP = 22.5, JHF = 4.4 Hz, 1H, 
Ru−H). 31P{1H}: δ 44.8 (d JPF = 25.8 Hz). 19F: δ -353.3 (d, JFP = 25.8 Hz, Ru-F). 
13C{1H}: δ 208.3 (dt, JCF = 64.0, JCP = 13.7 Hz, Ru−CO), 188.9 (NCN, br t), 136.9 (vt, 
JCP = 20.4 Hz, PC6H5), 127.0−135.0 (PC6H5), 125.8 (s, CCH3), 125.1 (s, CCH3), 35.8 (s, 
NCH3), 30.3 (s, NCH3), 9.4 (s, CCH3), 8.9 (s, CCH3). IR (nujol, cm-1): 1888 (υCO). 
ESI-TOF MS: [M − HF + H]+ m/z 779.1894 (theoretical m/z 779.1900).  
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5.6.1.2 Synthesis of Ru(IMe4)2(PPh3)(CO)HF (7) 
 
Ru
OC H
F
PPh3
N
N
NN
 
 
Ru(PPh3)3(CO)HF (10 mg, 0.01 mmol) and IMe4 (2 mg, 0.016 mmol) were dissolved in 
toluene-d8 (10 mL) and the solution stirred at room temperature for 1 h. The suspension 
was filtered by cannula with analysis of the toluene filtrate by NMR spectroscopy 
showing formation of Ru(IMe4)2(PPh3)(CO)HF. Selected 1H NMR (C6D6, 400 MHz, 
298 K): δ -5.84 (dd, JHP = 27.3, JHF = 6.4 Hz, 1H, Ru-H). 31P{1H}: δ 46.1 (s). 19F: 
δ -329.2 (br s, Ru-F). 
 
5.6.1.3 Synthesis of Ru(IMe4)(PPh3)2(CO)HCl (10) 
 
Ru
H CO
Cl
PPh3
PPh3
N
N
 
 
Ru(PPh3)3(CO)HCl (10 mg, 0.01 mmol) and IMe4 (3 mg, 0.02 mmol) were combined in 
THF (1 mL) in a J. Youngs re-sealable NMR tube and refluxed at 343 K for 16 h. The 
resultant grey precipitate was isolated by cannula filtration, washed with hexane (1 mL) 
and dried in vacuo to give Ru(IMe4)(PPh3)2(CO)HCl as a grey powder. Yield 5.1 mg 
(60 %). 1H NMR (CDCl3, 400 MHz, 298 K): δ 7.62-7.26 (m, 15H, PC6H5), 2.93 (s, 3H, 
NCH3), 2.81 (s, 3H, NCH3), 1.61 (s, 3H, CCH3), 1.58 (s, 3H, CCH3), -15.31 (t, JHP = 
20.2 Hz, 1H, Ru-H). 31P{1H}: δ 50.0 (s). 
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5.6.1.4 Evidence of cis-Ru(IMe4)(PPh3)2(CO)HF (11) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
Analysis of a THF-d8 solution of Ru(IMe4)(PPh3)2(CO)HF (3) over a period of 1-2 
weeks by NMR spectroscopy showed isomerisation to cis-Ru(IMe4)(PPh3)2(CO)HF. 
Selected 1H NMR (THF-d8, 400 MHz, 298 K):δ -6.41 (ddd, JHP = 128.2, JHP = 23.7, JHF 
= 5.0 Hz, 1H, Ru-H). 31P{1H}: δ 42.2 (t, JPF = JPP = 16.2 Hz), 23.6 (dd, JPF = 55.9, JPP = 
16.2 Hz). 19F: δ -347.6 (br d, JFP = 55.9 Hz, Ru-F). 
 
5.6.1.5 Synthesis of Ru(IMe4)(PPh3)(CO)3 (15) 
 
OC Ru
CO
CO
PPh3
NN
 
 
Ru(IMe4)(PPh3)2(CO)HF (10 mg, 0.01 mmol) was added to a J. Youngs NMR tube 
fitted with a re-sealable PTFE valve and dissolved in toluene. The solution was freeze-
pump-thaw degassed (x 3) and one atmosphere of CO applied. The solution was 
agitated at 298 K, with full conversion to Ru(IMe4)(PPh3)(CO)3 achieved after 5 days. 
Crystals suitable for analysis by X-crystallography were obtained from toluene/hexane. 
Yield: 4 mg (58 %). 1H NMR (C6D5CD3, 400 MHz, 298 K): δ 7.32 (m, 6H, PC6H5), 
7.04 (m, 9H, PC6H5), 3.54 (s, 6H, NCH3), 1.35 (s, 6H, CCH3). 31P{1H}: δ 58.1 (s). 
 
 
 
173 
Chapter 5  Experimental 
5.6.1.6 Preparation of Ru(IMe4)(PPh3)2(CO)H2 (17) 
 
Ru
OC H
H
PPh3
PPh3
N
N
 
 
Ru(IMe4)(PPh3)2(CO)H2 was prepared from a method adapted from the literature.14 
 
Toluene (30 mL) was added to IMe4 (0.60 g, 4.9 mmol) and Ru(PPh3)3(CO)H2 (1.52 g, 
1.6 mmol) in an ampoule fitted a PTFE valve. The mixture was heated at 353 K with 
stirring for 2 weeks. The resulting solution was reduced in vacuo to precipitate a yellow 
solid. The mixture was filtered by cannula under argon and the filtrate taken to dryness. 
The resulting residue was washed with ethanol (2 x 10 mL) to afford a white solid. 
Yield: 0.65 g (51 %). 1H (C6D6, 400 MHz, 298 K): δ 8.00-7.90 (m, 12H, PC6H5), 7.07-
6.89 (m, 18H, PC6H5), 3.10 (s, 3H,  NCH3), 2.69 (s, 3H, NCH3), 1.37 (s, 3H, CCH3), 
1.17 (s, 3H, CCH3), -5.92 (dt, JHP = 26.9, JHH = 5.5 Hz, 1H, Ru-H), -9.03 (dt, JHP = 23.1, 
JHH = 5.5 Hz, 1H, Ru-H). 31P{1H}: δ 65.0 (s). 13C{1H}: δ 210.2 (t, JCP = 9.6 Hz, Ru-
CO), 194.1 (t, JCP = 9.6 Hz, NCN), 142.0 (vt, JCP = 20.0 Hz, PC6H5), 134.9 (vt, JCP = 6.4 
Hz, PC6H5), 128.6 (s, PC6H5), 128.2 (vt, JCP = 4.8 Hz, PC6H5), 123.8 (s, CCH3), 123.7 
(s, CCH3), 37.2 (s, NCH3), 37.0 (s, NCH3), 10.4 (s, CCH3), 10.3 (s, CCH3).  IR (nujol, 
cm-1): 1917 (υCO). 
 
5.6.1.7 Evidence of [Ru(IMe4)(PPh3)2(CO)H]+ (23) 
 
Ru
CO
H
PPh3
PPh3
N
N
+
 
 
To a J. Youngs NMR tube fitted with a PTFE re-sealable valve was added 
Ru(IMe4)(PPh3)2(CO)H2 (10 mg, 0.01 mmol), Et3N·3HF (2.1 µL, 0.01 mmol) and 
benzene-d6 (0.5 mL). Analysis of the reaction mixture after 1 h at 298 K by NMR 
spectroscopy showed the formation of [Ru(IMe4)(PPh3)2(CO)H]+. Selected 1H NMR 
(C6D6, 400 MHz, 298 K): δ -18.95 (t, JHP = 19.3 Hz, 1H, Ru-H). 31P{1H}: δ 62.5 (s).  
174 
Chapter 5  Experimental 
Synthesis of Ru(IMe4)(dppp)(CO)H2 (76) 
 
Ph2P
PPh2
Ru
OC H
H
NN
 
 
IMe4 (0.02 g, 0.15 mmol) and Ru(dppp)(PPh3)(CO)H2 (0.08 g, 0.10 mmol) were 
combined in an ampoule fitted with a PTFE valve and dissolved in toluene (20 mL). 
The reaction mixture was heated for 8 h at 393 K and concentrated under vacuum to 
yield a yellow oil. Addition of hexane (10 mL) with stirring precipitated an off-white 
solid that was washed with further hexane (10 mL) and dried in vacuo to give 
Ru(IMe4)(dppp)(CO)H2 as a white solid. Yield: 0.01 g (21 %). 1H NMR (C6D6, 500 
MHz, 298 K): δ 8.41 (m, 2H, PC6H5), 8.06 (m, 2H, PC6H5), 7.56 (m, 2H, PC6H5), 7.25 
(m, 2H, PC6H5), 7.21-7.01 (m, 9H, PC6H5), 6.75 (br s, 3H, PC6H5), 3.43 (br s, 6H, 
NCH3), 2.50 (m, 2H, PCH2), 2.20 (m, 1H, PCH2), 2.01 (m, 1H, PCH2), 1.82 (br m, 1H, 
PCH2), 1.50 (m, PCH2), 1.25 (s, 6H, CCH3), -6.37 (t, JHP = 28.9 Hz, 1H, Ru-H), -6.87 
(dd, JHP = 83.7, JHP = 22.2 Hz). 31P{1H}: δ 41.5 (d, JPP = 25.2 Hz), 37.3 (d, JPP = 25.2 
Hz). 13C{1H}: δ 210.4 (dd, JCP = 9.5, JCP = 5.5 Hz, Ru-CO), 189.4 (dd, JCP = 76.7, JCP = 
11.1 Hz, NCN), 146.0 (dd, JCP = 43.3, JCP = 5.7 Hz, PC6H5), 143.6 (d, JCP = 30.0 Hz, 
PC6H5), 143.5 (d, JCP = 23.8 Hz, PC6H5), 138.4 (d, JCP = 18.6 Hz, PC6H5), 136.0 (d, JCP 
= 14.9 Hz, PC6H5), 134.8 (d, JCP = 11.8 Hz, PC6H5), 132.9 (d, JCP = 11.4 Hz, PC6H5), 
132.1 (d, JCP = 10 Hz, PC6H5), 128.3 (d, JCP = 9.2 Hz, PC6H5), 127.3 (d, JCP = 7.6 Hz, 
PC6H5), 130.3 (s, PC6H5), 128.8 (s, PC6H5), 127.4 (s, PC6H5), 123.4 (s, NCCH3), 123.3 
(s, NCCH3), 38.2 (br s, NCH3), 36.7 (dd, JCP = 26.2, JCP = 1.8 Hz, PCH2), 35.4 (dd, JCP 
= 26.5, JCP = 3.3 Hz, PCH2), 22.0 (t, JCP = 3.9 Hz, PCH2CH2), 10.6 (br s, CCH3).      
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Synthesis of Ru(IMe4)(dppp)(CO)HF (77) 
Ph2P
PPh2
Ru
OC H
F
NN
 
 
Ru(IMe4)(dppp)(CO)H2 (5 mg, 0.01 mmol) was dissolved in toluene in a J. Youngs re-
sealable NMR tube. Et3N·3HF (1.8 µL, 0.01 mmol) was added via syringe and the 
reaction left at 298 K for 20 hours. CsF was added and the solution agitated for 1 h 
before filtering. The solution was reduced in vacuo and dissolved in C6D6 which 
showed complete conversion by NMR spectroscopy to Ru(IMe4)(dppp)(CO)HF. 1H 
NMR (C6D6, 400 MHz, 298 K): δ 8.20 (m, 2H, PC6H5), 7.80 (m, 2H, PC6H5), 7.62 (m, 
2H, PC6H5), 7.43 (m, 2H, PC6H5), 7.24 (m, 2H, PC6H5), 7.14-7.08 (m, 6H, PC6H5), 6.80 
(m, 4H, PC6H5), 3.50-0.90 (br m, 18H, NCH3 + CCH3 + CH2), -4.60 (dd, JHP = 123.9, 
JHP = 18.9, JHF = 4.9 Hz, 1H, Ru-H). 31P{1H}: δ 29.7 (t, JPP = JPF = 28.6 Hz), 18.0 (dd, 
JPP = 43.1, JPF = 28.6 Hz). 19F: δ -346.9 (br s, Ru-F). 
 
5.6.2 Syntheses of Ru-IEt2Me2 complexes 
 
5.6.2.1 Synthesis of Ru(IEt2Me2)(PPh3)2(CO)HF (4) 
 
Ru
OC H
F
PPh3
PPh3
N
N
 
 
Ru(PPh3)3(CO)HF (0.17 g, 0.18 mmol) and IEt2Me2 (0.04 g, 0.27 mmol) were dissolved 
in toluene (8 mL) and stirred at ambient temperature for 1 h, by which time a white 
precipitate of Ru(IEt2Me2)(PPh3)2(CO)HF had formed. The solid was filtered by 
cannula and washed with hexane (5 mL) before drying under vacuum. Yield:  0.09 g 
(61 %). Analysis for C46H47N2OP2FRu [found (calculated)]:  C, 66.68 (66.89); H, 5.87 
(5.74); N, 3.48 (3.39). 1H NMR (C6D6, 400 MHz, 298 K):  δ 8.07−8.00 (m, 12H, 
PC6H5), 7.10−6.98 (m, 18H, PC6H5), 3.73 (q, JHH = 7.1 Hz, 2H, NCH2), 3.68 (br m, 2H, 
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NCH2), 1.58 (s, 3H, NCH2CH3), 1.43 (s, 3H, NCH2CH3), 0.94 (t, JHH = 7.1 Hz, 3H, 
CCH3), 0.78 (t, JHH = 7.1 Hz, 3H, CCH3), -6.07 (dt, JHP = 22.5, JHF = 4.4 Hz, 1H, 
Ru−H). 31P{1H}: δ 45.3 (d, JPF = 25.8 Hz). 19F: δ -363.0 (d, JFP = 25.8 Hz, Ru-F). 
IR (nujol, cm-1):  1891 (υCO). ESI-TOF MS:  [M − HF + H]+ m/z 807.2201 (theoretical 
m/z 807.2214). 
 
5.6.2.2 Ru(IEt2Me2)2(PPh3)(CO)HF (8) 
 
Ru
OC H
F
PPh3
N
N
NN
 
 
Ru(PPh3)3(CO)HF (10 mg, 0.01 mmol) and IEt2Me2 (2 mg, 0.2 mmol) were dissolved in 
toluene-d8 (10 mL) and the solution stirred at room temperature for 1 h. The suspension 
was filtered by cannula. Analysis of the toluene filtrate by NMR spectroscopy showed 
formation of Ru(IEt2Me2)2(PPh3)(CO)HF. Selected 1H NMR (C6D5CD3, 400 MHz, 298 
K): δ -6.32 (dd, JHP = 27.5, JHF = 6.3 Hz, 1H, Ru-H). 31P{1H}: δ 46.9 (s). 19F: δ -328.4 
(br s, Ru-F). 
 
5.6.2.3 Evidence of cis-Ru(IEt2Me2)(PPh3)2(CO)HF (12) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
Analysis of a toluene-d8 solution of Ru(IEt2Me2)(PPh3)2(CO)HF (4) by NMR 
spectroscopy over a period of 1-2 weeks showed isomerisation to 
cis-Ru(IEt2Me2)(PPh3)2(CO)HF. Selected 1H NMR (C6D5CD3, 400 MHz, 298 K): 
177 
Chapter 5  Experimental 
δ -6.70 (dd, JHP = 124.8, JHP = 25.6 Hz, 1H, Ru-H). 31P{1H}: δ 40.1 (t, JPF = JPP = 17.8 
Hz), 22.8 (dd, JPF = 49.0, JPP = 17.8 Hz). 19F: δ -343.5 (br d, JFP = 49.0 Hz, Ru-F). 
 
5.6.2.4 Synthesis of Ru(IEt2Me2)(PPh3)(C5D5N)(CO)HF (16) 
 
Ru
OC H
F
PPh3
NN
N
D5  
 
Ru(IEt2Me2)(PPh3)2(CO)HF was transferred to a J. Youngs. NMR tube fitted with 
re-sealable PTFE valve and dissolved in pyridine-d5. Analysis of the solution by NMR 
spectroscopy after 3 weeks at 298 K showed complete conversion to 
Ru(IEt2Me2)(PPh3)(C5D5N)(CO)HF. 1H NMR (pyridine-d5, 400 MHz, 298 K): * 5.12 
(m, 2H, CH2CH3), 4.15 (dq, JHH = 14.2, JHH =  7.1 Hz, 2H, CH2CH3), 1.86 (s, 6H, 
CCH3), 1.07 (t, JHH =  7.1 Hz, 6H, CH2CH3), -11.48 (dd, JHP = 23.0, JHP = 2.1 Hz, 1H, 
Ru-H). * The presence of free PPh3 prevented assignment of the aromatic region of the 
1H spectrum. 31P{1H}: δ 46.8 (d, JPF = 23.0 Hz). 19F: δ -289.1 (d, JFP = 23.0 Hz, Ru-F). 
 
5.6.2.5 Preparation of Ru(IEt2Me2)(PPh3)2(CO)H2 (21) 
 
Ru
OC H
H
PPh3
PPh3
N
N
 
 
Ru(IEt2Me2)(PPh3)2(CO)H2 was prepared by a method adapted from the literature.15 
 
Toluene (30 mL) was added to IEt2Me2 (0.70 g, 4.6 mmol) and Ru(PPh3)3(CO)H2 
(1.40 g, 1.5 mmol). The mixture was heated at 343 K with stirring for 20 h. The 
volatiles were removed in vacuo and the red/brown oily residue was washed with 
ethanol (1 x 30 mL) and filtered. The resulting solid was dissolved in benzene (5 mL) 
and heated at 343 K for 1 h. The volatiles were removed in vacuo and the resulting solid 
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dissolved in THF (10 mL) and layered with hexane (20 mL) to afford a white crystalline 
solid. Yield: 0.62 g (49 %). 1H NMR (THF-d8, 400 MHz, 298 K): δ 7.62-7.48 (m, 12H, 
PC6H5), 7.25-7.07 (m, 18H, PC6H5), 3.69 (q, JHH = 6.6 Hz, 2H, NCH2), 3.28 (q, JHH = 
6.6 Hz, 2H, NCH2), 2.00 (s, 3H, CCH3), 1.72 (s, 3H, CCH3), 1.01 (t, JHH = 6.6 Hz, 3H, 
CH2CH3), 0.34 (t, JHH = 6.6 Hz, 3H, CH2CH3), -6.38 (dt, JHP = 26.3, JHH = 5.5 Hz, 1H, 
Ru-H), -9.99 (dt, JHP = 24.7, JHH = 5.5 Hz, 1H, Ru-H). 31P{1H}: δ 63.7 (s). 13C{1H}: 
δ 208.3 (t, JCP = 9.2 Hz, Ru-CO), 191.1 (t, JCP = 8.3 Hz, NCN), 141.6 (vt, JCP = 19.3 Hz, 
PC6H5), 134.6 (vt, JCP = 6.4 Hz, PC6H5), 128.6 (s, PC6H5), 127.6 (vt, JCP = 4.6 Hz,  
PC6H5), 124.2 (s, CCH3), 124.1 (s, CCH3), 43.9 (s, NCH2), 43.7 (s, NCH2), 15.9 (s, 
CH2CH3), 14.2 (s, CH2CH3), 9.6 (s, CCH3), 9.4 (s, CCH3). IR (C6D6, cm-1): 1921 (υCO).  
 
5.6.2.6 Evidence of [Ru(IEt2Me2)(PPh3)2(CO)H]+ (24) 
 
Ru
CO
H
PPh3
PPh3
N
N
+
 
 
To J. Youngs re-sealable NMR tube was added Ru(IEt2Me2)(PPh3)2(CO)H2 (10 mg, 
0.01 mmol), Et3N·3HF (3.0 µL, 0.02 mmol) and THF-d8 (0.5 mL). Analysis of reaction 
mixture by NMR spectroscopy showed the formation of [Ru(IEt2Me2)(PPh3)2(CO)H]+ 
after 1 h at 298 K. Selected 1H NMR (THF-d8, 400 MHz, 298 K): δ -18.88 (t, JHP = 20.4 
Hz, 1H, Ru-H). 31P{1H}: δ 41.5 (s).  
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5.6.2.7 Synthesis of Ru(IEt2Me2)'(dppp)(CO)H (73) 
 
Ph2P
PPh2
Ru
H
CO
NN
 
 
A toluene solution (20 mL) of Ru(PPh3)(dppp)(CO)H2 (0.25 g, 0.31 mmol) and IEt2Me2 
(0.14 g, 0.93 mmol) was heated at 393 K for 16 h in an ampoule fitted with a J. Youngs 
PTFE valve. The solution was then cooled to room temperature, CH2=CHSiMe3 (0.23 
mL, 1.55 mmol) added and mixture heated at 393 K for a further 24 h. Removal of the 
solvent left an orange/brown residue, which upon extraction with hexane (50 mL) and 
cooling at 253 K for 7 days gave Ru(IEt2Me2)'(dppp)(CO)H as a white powder. Yield: 
0.02 g (8 %). 1H NMR (C6D6, 500 MHz, 298 K): δ 8.31 (m, 2H, PC6H5), 7.76 (m, 4H, 
PC6H5), 7.21 (m, 2H, PC6H5), 7.04 (m, 9H, PC6H5), 6.81 (m, 3H, PC6H5), 4.12 (m, 1H, 
NCH2CH3), 3.62 (m, 2H, NCH2CH2), 3.15 (m, 1H, NCH2CH3), 2.49 (m, 1H, PCH2), 
2.42 (m, 1H, PCH2), 1.97 (m, 1H, PCH2), 1.93 (m, 1H, PCH2), 1.67 (m, 1H, PCH2), 
1.60 (m, 1H, NCH2CH2), 1.43 (s, 3H, NCCH3), 1.41 (s, 3H, NCCH3), 1.24 (t, JHH = 7.2 
Hz, 3H, NCH2CH3), 1.21 (m, 1H, PCH2), 0.93 (m, 1H, NCH2CH2), -6.16 (dd, JHP = 
101.6, JHP = 17.4 Hz, 1H, Ru-H). 31P{1H}: δ 38.2 (d, JPP = 23.0 Hz), 26.4 (d, JPP = 23.0 
Hz). 13C{1H}: δ 208.7 (dd, JCP = 9.1, JCP = 7.0 Hz, Ru-CO), 190.1 (dd, JCP = 81.6, JCP = 
10.6 Hz, NCN), 143.2 (d, JCP = 32.2 Hz, PC6H5), 142.3 (dd, JCP = 25.1, J = 4.5 Hz, 
PC6H5), 141.1 (d, JCP = 25.3 Hz, PC6H5), 140.8 (dd, JCP = 37.9, J = 4.0 Hz, PC6H5), 
135.4 (d, JCP = 13.1 Hz, PC6H5), 134.9 (d, JCP = 12.2 Hz, PC6H5), 132.9 (d, JCP = 10.8 
Hz, PC6H5), 131.6 (d, JCP = 9.0 Hz, PC6H5), 129.0 (s, NCCH3), 127.8 (s, NCCH3), 
127.6 (d, JCP = 7.2 Hz, PC6H5), 52.8 (dd, JCP = 7.2, JCP  = 3.0 Hz, NCH2CH2), 43.9 (s, 
NCH2CH3), 28.9 (dd, JCP = 23.0, JCP = 2.9 Hz, PCH2), 27.1 (d, JCP = 21.4 Hz, PCH2), 
21.0 (dd, JCP = 7.1, JCP = 3.5 Hz, PCH2CH2), 17.2 (s, NCH2CH3), 10.2 (s, NCCH3), 9.3 
(s, NCCH3), 9.2 (t, JCP = 8.0 Hz, NCH2CH2). 
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5.6.2.8 Synthesis of Ru(IEt2Me2)(dppp)(CO)H2 (74) 
 
Ph2P
PPh2
Ru
OC H
H
NN
 
 
Ru(dppp)(PPh3)(CO)H2 (0.25 g, 0.31 mmol) and IEt2Me2 (0.14 g, 0.93 mmol) were 
combined in an ampoule fitted with a J. Youngs PTFE valve and dissolved in toluene 
(20 mL). The solution was heated at 393 K for 16 h, cooled, freeze-pump-thaw 
degassed (x 3) and 1 atm. of H2 added. The reaction mixture was then heated for 4 h at 
343 K to give complete conversion to Ru(IEt2Me2)(dppp)(CO)H2. Removal of the 
solvent under vacuum resulted in a brown oil, which was dissolved in hexane (50 mL) 
and cooled to 253 K for 7 days to afford Ru(IEt2Me2)(dppp)(CO)H2 as a white powder. 
Yield: 0.03 g (12 %). 1H NMR (C6D6, 400 MHz, 298 K): δ 8.35 (m, 2H, PC6H5), 7.94 
(m, 2H, PC6H5), 7.74 (m, 2H, PC6H5), 7.29-6.98 (m, 11H, PC6H5), 6.80 (m, 3H, 
PC6H5), 4.45 (m, 2H, NCH2CH3), 4.30-3.19 (br, 2H, NCH2CH3), 2.48 (m, 2H, PCH2), 
2.19 (m, 1H, PCH2), 2.01 (m, 1H, PCH2), 1.94-1.35 (m, 2H, PCH2), 1.45 (s, 6H, 
NCCH3), 1.24 (t, JHH = 7.1 Hz, 6H, CH2CH3), -6.49 (br t, JHP = 29.1 Hz, 1H, Ru-H), 
-6.89 (ddd, JHP = 84.9, JHP = 22.0, JHH = 2.8 Hz, 1H, Ru-H). 31P{1H}: δ 43.0 (d, JPP = 
23.4 Hz), 36.2 (d, JPP = 23.4 Hz). 13C{1H}: δ 209.8 (dd, JCP = 9.3, JCP = 6.2 Hz, Ru-
CO), 187.7 (dd, JCP = 76.2, JCP = 11.3 Hz, NCN), 143.5 (dd, JCP = 44.2, JCP = 5.3 Hz, 
PC6H5), 143.4 (d, JCP = 29.9 Hz, PC6H5), 143.4 (dd, JCP = 27.0, J = 3.0 Hz, PC6H5), 
139.4 (d, JCP = 19.1 Hz, PC6H5), 135.6 (d, JCP = 14.4 Hz, PC6H5), 134.9 (d, JCP = 11.8 
Hz, PC6H5), 132.9 (d, JCP = 11.8 Hz, PC6H5), 130.1 (s, PC6H5), 129.2 (d, JCP = 2.2 Hz, 
PC6H5), 128.8 (d, JCP = 6.0 Hz, PC6H5), 128.6 (s, PC6H5), 128.5 (s, PC6H5), 128.1 (d, 
JCP = 8.8 Hz, PC6H5), 127.6 (s, PC6H5), 127.3 (d, JCP = 7.9 Hz, PC6H5), 123.5 (s, 
NCCH3), 123.5 (s, NCCH3), 44.9 (s, NCH2CH3), 36.3 (dd, JCP = 26.2, JCP = 12.4 Hz, 
PCH2), 35.3 (dd, JCP = 27.5, JCP = 3.2 Hz, PCH2), 22.0 (t, JCP = 4.4 Hz, PCH2CH2), 16.1 
(s, NCH2CH3), 9.9 (s, NCCH3). IR (nujol, cm-1): 1913 (υCO). 
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5.6.2.9 Synthesis of Ru(IEt2Me2)(dppp)(CO)HF (75) 
 
Ph2P
PPh2
Ru
OC H
F
NN
 
 
To a J. Youngs NMR tube fitted with a PTFE re-sealable tap was added 
Ru(IEt2Me2)(dppp)(CO)H2 (4 mg, 0.006 mmol), Et3N·3HF (1.4 µL, 0.009 mmol) and 
benzene-d6 (0.45 mL). The reaction was left at 298 K for 16 h. Analysis by NMR 
spectroscopy showed full conversion to Ru(IEt2Me2)(dppp)(CO)HF. Selected 1H NMR 
(C6D6, 300 MHz, 298 K): δ -4.66 (ddd, JHP = 124.8, JHP = 17.8, JHF = 3.7 Hz, 1H, 
Ru-H). 31P{1H}: δ 30.3 (dd, JPF = 29.3, JPP = 24.9 Hz), 17.4 (dd, JPF = 43.1, JPP = 24.9 
Hz).  
 
5.6.3 Syntheses of Ru-IiPr2Me2 complexes 
 
5.6.3.1 Synthesis of Ru(IiPr2Me2)(PPh3)2(CO)HF (5) 
 
Ru
OC H
F
PPh3
PPh3
N
N
 
 
Ru(PPh3)3(CO)HF (0.20 g, 0.21 mmol) and IiPr2Me2 (0.06 g, 0.32 mmol) were 
dissolved in toluene (7 mL), and the mixture was stirred at ambient temperature for 1 h. 
The solution was filtered by cannula and the resulting white solid washed with hexane 
(3 × 7 mL) and toluene (5 mL), to yield Ru(IiPr2Me2)(PPh3)2(CO)HF as a white solid. 
Yield:  0.11 g (60 %). The facile disproportionation/isomerisation reaction prevented 
microanalysis from being determined. 1H NMR (C6D6, 400 MHz, 298 K): δ 8.05−7.93 
(m, 12H, PC6H5), 7.10−6.89 (m, 18H, PC6H5), 6.29 (br sept, JHH = 7.1 Hz, 1H, NCH), 
5.71 (sept, JHH = 7.1 Hz, 1H, NCH(CH3)2), 1.84 (s, 3H, CCH3), 1.80 (s, 3H, CCH3), 
1.02 (d, JHH = 7.1 Hz, 6H, NCH(CH3)2), 0.75 (d, JHH = 7.1 Hz, 6H, NCH(CH3)2), -5.94 
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(dt, JHP = 25.6, JHF = 4.8 Hz, Ru−H, 1H). 31P{1H}: δ 40.5 (d, JPF = 27.6 Hz). 19F:  
δ -355.6 (br m, Ru-F). IR (nujol, cm-1):  1900 (υCO). ESI-TOF MS:  [M − HF + H]+ m/z 
835.2537 (theoretical m/z 835.2528). 
 
5.6.3.2 Synthesis of Ru(IiPr2Me2)2(PPh3)(CO)HF (9) 
 
Ru
OC H
F
PPh3
N
N
NN
 
 
Ru(PPh3)3(CO)HF (10 mg, 0.01 mmol) and IiPr2Me2 (3 mg, 0.2 mmol) were dissolved 
in toluene-d8 (10 mL) and the solution stirred at room temperature for 1 h. The 
suspension was filtered by cannula. Analysis of the toluene filtrate by NMR 
spectroscopy showed formation of Ru(IiPr2Me2)2(PPh3)(CO)HF. Selected 1H NMR 
(C6D5CD3, 400 MHz, 298 K): δ 5.79 (d sept, JHH = 7.1 Hz, JHF = 2.0 Hz, 1H, 
CH(CH3)2), 5.31 (sept, JHH = 7.1 Hz, 1H, CH(CH3)2) 3.78 (sept, JHH = 7.1 Hz, 2H, 
CH(CH3)2), 1.81 (s, 3H, CH3), 1.72 (s, 3H, CH3), 1.64 (s, 3H, CH3), 1.63 (s, 3H, CH3), 
1.50 (d, JHH = 7.1 Hz, 3H, CH(CH3)2), 1.47 (d, JHH = 7.1 Hz, 3H, CH(CH3)2), 1.33 (d, 
JHH = 7.1 Hz, 12H, CH(CH3)2), 1.19 (d, JHH = 7.1 Hz, 3H, CH(CH3)2), 1.16 (d, JHH = 
7.1 Hz, 3H, CH(CH3)2), -7.07 (dd, JHP = 28.3, JHF = 7.5 Hz, 1H, Ru-H). 31P{1H}: δ 41.2 
(s). 19F: δ -319.4 (m, Ru-F). Selected 13C{1H}: δ 192 (Ru-NCN), 184 (Ru-NCN). 
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5.6.3.3 Evidence of cis-Ru(IiPr2Me2)(PPh3)2(CO)HF (20) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
Analysis of a THF-d8 solution of Ru(IiPr2Me2)(PPh3)2(CO)HF (5) by NMR 
spectroscopy over a period of several hours showed isomerisation to 
cis-Ru(IiPr2Me2)(PPh3)2(CO)HF. Selected 1H NMR (THF-d8, 400 MHz, 273 K): δ -7.01 
(dd, JHP = 126.4, JHP = 24.5 Hz, 1H, Ru-H). 31P{1H}: δ 40.9 (br s). 19F: δ -341.9 (br s, 
Ru-F).  
 
5.6.3.4 Preparation of Ru(IiPr2Me2)(PPh3)2(CO)H2 (26) 
 
Ru
OC H
H
PPh3
PPh3
N
N
 
 
Ru(IiPr2Me2)(PPh3)2(CO)H2 was prepared by a method adapted from the literature.14 
 
Toluene (30 mL) was added to IiPr2Me2 (0.8 g, 4.4 mmol) and Ru(PPh3)3(CO)H2 (1.0 g, 
1.1 mmol) in a Schlenk flask under argon. The mixture was stirred at 343 K for 20 h. 
The solvent was removed in vacuo and ethanol (20 mL) was added. The resulting red 
solution was stirred overnight to afford an off-white precipitate, which was filtered by 
cannula and washed with hexane (2 x 10 mL) to yield a white solid. The resultant white 
solid was then dissolved in the minimum amount of warm benzene (10-15 mL) and H2 
was bubbled through the solution for 2 h at 323 K. The solution was cooled to room 
temperature to precipitate a white solid. The solvent was removed by filtration and the 
solid further purified by washing with hexane. Yield: 0.56 g (62 %). 1H NMR (C6D6, 
400 MHz, 298 K): δ 7.73-7.93 (m, 12H, PC6H5), 6.94-7.11 (m, 18H, PC6H5), 6.36 (sept, 
JHH = 7.1 Hz, 1H, CH(CH3)2), 6.08 (sept, JHH = 7.1 Hz, 1H, CH(CH3)2), 1.82 (s, 3H, 
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CCH3), 1.70 (s, 3H, CCH3), 1.08 (d, JHH = 7.1 Hz, 6H, CH(CH3)2), 0.48 (d, JHH = 7.1 
Hz, 6H, CH(CH3)2), -5.79 (dt, 1H, JHH = 6.0, JHP = 26.9 Hz, Ru-H), -9.98 (dt, 1H, JHH = 
6.0, JHP = 26.9 Hz, Ru-H). 31P{1H}: δ 61.3 (s). 13C{1H}: δ 208.2 (t, JCP = 9.2 Hz, Ru-
CO), 195.8 (t, JCP = 8.3 Hz, NCN), 142.6 (vt, JCP = 19.3 Hz, PC6H5), 135.1 (vt, JCP = 6.4 
Hz, PC6H5), 129.2 (s, PC6H5), 128.3 (vt, JCP = 4.6 Hz, PC6H5), 126.2 (s, CCH3), 125.9 
(s, CCH3), 54.5 (s, CH(CH3)2), 54.3 (s, CH(CH3)2, 22.6 (s, CH(CH3)2), 21.4 (s, 
CH(CH3)2), 11.5 (s, CCH3). IR (C6D6, cm-1): 1917 (υCO). 
 
5.6.3.5 Synthesis of Ru(IiPr2Me2)(dppp)(CO)HF (65) 
 
Ph2P
PPh2
Ru
H
F
NN
OC
 
 
Ru(dppp)(PPh3)(CO)HF (10 mg, 0.01 mmol), and IiPr2Me2 (7 mg, 0.03 mmol) were 
added to a J. Youngs NMR tube fitted with a re-sealable PTFE valve and dissolved in 
benzene-d6 (0.45 mL). The reaction mixture was heated at 323 K for 55 hours with 
analysis by NMR spectroscopy showing formation of Ru(IiPr2Me2)(dppp)(CO)HF. 
Selected 1H NMR (C6D6, 400 MHz, 298 K): δ -5.40 (ddd, JHP = 130.6, JHP = 19.9, JHF = 
8.4 Hz, 1H, Ru-H). 31P{1H}: δ 33.6 (dd, JPF = 34.9, JPP = 23.4 Hz), 12.1 (dd, JPF = 51.0, 
JPP = 23.4 Hz). 19F: δ -339.9 (s, Ru-F).  
 
5.6.3.6 Synthesis of Ru(IiPr2Me2)’(dppp)(CO)H (66) 
 
Ph2P
PPh2
Ru
H
CO
NN
 
 
Ru(dppp)(PPh3)(CO)HF (10 mg, 0.01 mmol), and IiPr2Me2 (7 mg, 0.03 mmol) were 
added to a J. Youngs NMR tube fitted with a re-seable PTFE valve and dissolved in 
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benzene-d6 (0.45 mL). The reaction mixture was heated at 323 K for 110 hours with 
analysis by NMR showing conversion to Ru(IiPr2Me2)’(dppp)(CO)H. Selected 1H NMR 
(C6D6, 400 MHz, 298 K): δ -6.64 (dd, JHP = 105.1, JHP = 19.4 Hz, 1H, Ru-H). 31P{1H}: 
δ 40.4 (d, JPP = 22.7 Hz), 20.7 (d, JPP = 22.7 Hz). 
 
5.6.4 Syntheses of Ru-ICy complexes
 
5.6.4.1 Synthesis of Ru(ICy)(PPh3)2(CO)HF (6) 
 
Ru
OC H
F
PPh3
PPh3
N
N
 
 
Ru(PPh3)3(CO)HF (0.20 g, 0.21 mmol) and ICy (0.06 g, 0.26 mmol) were dissolved in 
toluene (10 mL), and the reaction mixture stirred at room temperature for 1 h. Reduction 
of the volume and addition of hexane afforded white crystals of 
Ru(ICy)(PPh3)2(CO)HF. Yield:  0.12 g (60 %). Analysis for C52H55N2OP2FRu [found 
(calculated)]:  C, 68.41 (68.93); H, 6.24 (6.12); N, 2.96 (3.09). 1H NMR (C6D6, 400 
MHz, 298 K): δ 7.94 (m, 12H, PC6H5), 7.16−7.02 (m, 18H, PC6H5), 6.65 (d, JHH = 2.2 
Hz, 1H, NCH), 6.57 (d, JHH = 2.2 Hz, 1H, NCH), 5.10 (br m, 1H, CH-Cy), 4.83 (m, 1H, 
CH-Cy), 1.73 (m, 2H, CH2-Cy) 1.44−0.80 (m, CH2-Cy), -5.46 (dt, JHP = 25.2, JHF = 4.4 
Hz, Ru−H, 1H). 31P{1H}: δ 40.5 (d, JPF = 27.5 Hz). 19F: δ -366.6 (t, JFP = 27.5 Hz, 
Ru-F). IR (nujol, cm-1): 1912 (υCO). ESI-TOF MS:  [M − HF + H]+ m/z 887.2862 
(theoretical m/z 887.2842).  
 
5.6.4.2 Evidence of cis-Ru(ICy)(PPh3)2(CO)HF (13) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
Analysis of a benzene-d6 solution of Ru(ICy)(PPh3)2(CO)HF (6) by NMR spectroscopy 
over a period of 1-2 weeks showed isomerisation to cis-Ru(ICy)(PPh3)2(CO)HF. 
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Selected 1H NMR (C6D6, 400 MHz, 298 K): δ -7.21 (ddd, JHP = 123.4, JHP = 28.7, JHF = 
5.8 Hz, 1H, Ru-H). 31P{1H}: δ 37.4 (dd, JPF = 22.5, JPP = 16.9 Hz), 22.5 (dd, JPF = 59.0, 
JPP = 16.9 Hz). 19F: δ -339.7 (br d, JFP = 59.0 Hz, Ru-F). 
 
5.6.4.3 Preparation of Ru(ICy)(PPh3)2(CO)H2 (22) 
 
Ru
OC H
H
PPh3
PPh3
N
N
 
 
Ru(ICy)(PPh3)2(CO)H2 was prepared by a method adapted from the literature.16 
 
Toluene (20 mL) was added to ICy (0.22 g, 0.9 mmol) and Ru(PPh3)3(CO)H2 (0.41 g, 
0.4 mmol) in an ampoule fitted with a PTFE valve. The mixture was heated at 343 K 
with stirring for 16 h. The volatiles were removed in vacuo and the residue washed with 
ethanol (2 x 10 mL).  The resulting cream solid was dissolved in THF and layered with 
hexane to afford a crystalline off-white solid. Yield: 0.21 g (51 %). 1H NMR (C6D6, 400 
MHz, 298 K): δ 7.85-7.80 (m, 12H, PC6H5), 7.09-6.99 (m, 18H, PC6H5), 6.58 (d, JHH = 
1.6 Hz, 1H, NCH), 6.38 (d, JHH = 1.6 Hz, 1H, NCH), 5.18 (m, 1H, CH-Cy), 4.80 (m, 
1H, CH-Cy), 1.73 (m, 2H, CH2-Cy), 1.49-0.57 (m, 18H, CH2-Cy), -5.93 (dt, JHP = 26.3, 
JHH = 6.0 Hz, 1H, Ru-H), -9.49 (dt, JHP = 26.9, JHH = 6.0 Hz, 1H, Ru-H). 31P{1H}: 
δ 62.8 (s). 13C{1H}: δ 206.6 (t, JCP = 9.5 Hz, Ru-CO), 193.1 (t, JCP = 7.8 Hz, NCN), 
140.5 (vt, JCP = 19.8 Hz, PC6H5), 133.4 (vt, JCP = 6.0 Hz, PC6H5), 127.6 (s, PC6H5), 
126.7 (vt, JCP = 4.3 Hz, PC6H5), 116.0 (s, NCH), 115.4 (s, NCH), 58.5 (s, CH-Cy), 58.2 
(s, CH-Cy), 33.3 (s, CH2-Cy), 32.0 (s, CH2-Cy), 25.1 (s, CH2-Cy), 25.0 (s, CH2-Cy), 
24.9 (s, CH2-Cy), 24.7 (s, CH2-Cy). IR (nujol, cm-1): 1931 (υCO). 
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5.6.4.4 Evidence of [Ru(ICy)(PPh3)2(CO)H]+ (25) 
 
Ru
CO
H
PPh3
PPh3
N
N
+
 
 
To J. Youngs NMR tube fitted with a re-sealable PTFE valve was added 
Ru(ICy)(PPh3)2(CO)H2 (10 mg, 0.01 mmol), Et3N·3HF (1.8 µL, 0.02 mmol) and 
THF-d8 (0.5 mL). Analysis of the reaction mixture by NMR spectroscopy after 1 h at 
298 K showed formation of [Ru(ICy)(PPh3)2(CO)H]+. Selected 1H NMR (THF-d8, 400 
MHz, 298 K): δ -18.98 (t, JHP = 20.2 Hz, 1H, Ru-H). 31P{1H}: δ 39.4 (s). 
 
5.6.4.5 Synthesis of Ru(ICy)(dppp)(CO)H2 (78) 
 
Ph2P
PPh2
Ru
OC H
H
NN
 
 
A toluene suspension (20 mL) of Ru(PPh3)(dppp)(CO)H2 (0.10 g, 0.12 mmol) and ICy 
(0.09 g, 0.37 mmol) was placed in an ampoule fitted with a J. Youngs PTFE valve and 
heated in an oil bath at 393 K for 16 h. After cooling, removal of the solvent left an 
orange oil, which when stirred in ethanol (20 mL) precipitated a white solid. The solid 
was isolated by cannula filtration, washed with hexane (20 mL) and dried under vacuum 
to yield Ru(ICy)(dppp)(CO)H2 as a white solid. Yield: 0.07 g (70 %). Analysis for 
C43H52N2OP2Ru [found (calculated)]: C, 66.32 (66.56); H, 6.86 (6.76); N, 3.57 (3.61). 
1H NMR (C6D5CD3, 400 MHz, 268 K): δ 8.24 (m, 2H, PC6H5), 8.13 (m, 2H, PC6H5), 
7.59 (m, 2H, PC6H5), 7.28 (m, 5H, PC6H5), 7.20-6.83 (m, 9H, PC6H5), 6.58 (br s, 2H, 
CH-Cy + NCH), 6.32 (s, 1H, NCH), 4.89 (br s, 1H, CH-Cy), 2.71-0.59 (m, 25H, PCH2 
+ CH2-Cy), 0.30 (br s, 1H, CH2-Cy), -6.19 (br t, JHP = 28.9 Hz, 1H, Ru-H), -7.25 (ddd, 
JHP = 88.2, JHP = 22.8, JHH = 2.9 Hz, 1H, Ru-H). 31P{1H} (298 K): δ 43.1 (d, JPP = 22.1 
Hz), 31.0 (d, JPP = 22.1 Hz). 13C{1H} (298 K): δ 209.1 (dd, JCP = 9.2, JCP = 5.7 Hz, Ru-
CO), 189.9 (dd, JCP = 73.7, JCP = 9.9 Hz, NCN), 147.3 (dd, JCP = 47.2, J = 5.5 Hz, 
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PC6H5), 143.7 (dd, JCP = 24.1, J = 4.2 Hz, PC6H5), 142.8 (d, JCP = 31.2 Hz, PC6H5), 
138.6 (d, JCP = 19.8 Hz, PC6H5), 135.3 (d, JCP = 14.5 Hz, PC6H5), 134.6 (d, JCP = 12.0 
Hz, PC6H5), 133.4 (d, JCP = 2.1 Hz, PC6H5), 133.1 (d, JCP = 12.1 Hz, PC6H5), 130.3 
(s, PC6H5), 129.2 (d, JCP = 6.3 Hz, PC6H5), 129.1 (s, PC6H5), 128.4 (d, JCP = 17.2 Hz, 
PC6H5), 128.2 (d, JCP = 9.0 Hz, PC6H5), 128.2 (s, PC6H5), 117.3 (s, NCH), 117.1 (s, 
NCH), 61.1 (s, CH-Cy), 59.8 (s, CH-Cy), 36.8 (s, CH2-Cy), 36.7 (d, JCP = 25.6 Hz, 
PCH2), 25.6 (d, JCP = 26.6 Hz, PCH2), 34.2 (s, CH2-Cy), 33.9 (s, CH2-Cy), 33.8 (s, CH2-
Cy), 27.6 (s, CH2-Cy), 27.2 (s, CH2-Cy), 27.1 (s, CH2-Cy), 26.8 (s, CH2-Cy), 22.1 (s, 
PCH2CH2). IR (nujol, cm-1): 1915 (υCO).  
 
5.6.4.6 Synthesis of Ru(ICy)(dppp)(CO)HF (79) 
 
Ph2P
PPh2
Ru
OC H
F
NN
 
 
Et3N·3HF (0.05 g, 0.28 mmol) was added to a benzene solution (20 mL) of 
Ru(ICy)(dppp)(CO)H2 (0.15 g, 0.19 mmol) and the mixture stirred at ambient 
temperature for 8 h. Anhydrous CsF (0.22 g, 1.43 mmol) was then added and the 
mixture stirred for a further 2 h. The solids were removed by filtration and the solution 
reduced in vacuo to leave a brown oil, which upon dissolution in hexane (40 mL) and 
cooling to 253 K for 5 days yielded a white solid. This was filtered cold, washed with 
cold hexane (5 mL) and dried under vacuum to give Ru(ICy)(dppp)(CO)HF. Yield: 
0.05 g (34 %). Crystals suitable for X-ray crystallography were obtained by slow 
diffusion of hexane into a concentrated toluene solution. Analysis for C43H51F1N2OP2Ru 
[found (calculated)]: C, 64.62 (65.05); H, 6.65 (6.48); N, 3.26 (3.53). 1H NMR (C6D6, 
500 MHz, 298 K): δ 8.20 (m, 2H, PC6H5), 8.06 (m, 2H, PC6H5), 7.60 (m, 4H, PC6H5), 
7.27 (m, 2H, PC6H5), 7.17 (m, 4H, PC6H5), 6.91 (m, 3H, PC6H5), 6.70 (m, 3H, PC6H5), 
6.73 (s, 1H, NCH), 6.50 (m, 1H, CH-Cy) 6.31 (s, 1H, NCH), 4.54 (br s, 1H, CH-Cy), 
3.17 (m, 1H, PCH2), 2.98 (m, 1H, PCH2), 2.66 (m, 1H, CH2-Cy), 2.48 (m, 1H, CH2-Cy), 
2.40 (m, 1H, CH2-Cy), 2.18-0.93 (m, 17H, PCH2 + CH2-Cy), 0.77 (m, 3H, CH2-Cy), 
-0.80 (m, 1H, CH2-Cy), -5.10 (ddd, JHP = 128.6, JHP = 20.0, JHF = 6.3 Hz, 1H, Ru-H). 
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31P{1H}: δ 30.6 (dd, JPF = 33.1, JPP = 26.0 Hz), 12.8 (dd, JPF = 47.2, JPP = 26.0 Hz). 19F: 
δ -345.7 (br t, JFP = 39.4 Hz, Ru-F). 13C{1H}: δ 209.4 (ddd, JCF = 68.2, JCP = 9.1, JCP = 
6.1 Hz, Ru-CO), 185.7 (dd, JCP = 94.2, JCP = 8.9 Hz, NCN), 145.9 (dd, JCP = 42.0, J = 
7.7 Hz, PC6H5), 136.6 (d, JCP = 36.0 Hz, PC6H5), 136.1 (d, JCP = 12.8 Hz, PC6H5), 134.1 
(d, JCP = 11.7 Hz, PC6H5), 133.6 (d, JCP = 10.9 Hz, PC6H5), 132.6 (dd, JCP = 11.1, J = 
4.2 Hz, PC6H5), 131.0 (s, PC6H5), 129.8 (s, PC6H5), 129.4 (s, PC6H5), 129.0 (s, PC6H5), 
129.2 (d, JCP = 9.0 Hz, PC6H5), 128.6 (d, JCP = 10.0 Hz, PC6H5), 128.2 (d, JCP = 7.6 Hz, 
PC6H5), 118.4 (s, NCH), 117.0 (s, NCH), 59.9 (d, J = 4.2 Hz, CH-Cy), 59.3 (d, J = 21.2 
Hz CH-Cy), 37.7 (s, CH2-Cy), 35.9 (s, CH2-Cy), 35.4 (s, CH2-Cy), 33.6 (s, CH2-Cy), 
28.4 (d, JCP = 21.2 Hz, PCH2), 27.7 (d, JCP = 21.2 Hz, PCH2), 27.5 (s, CH2-Cy), 27.3 (s, 
CH2-Cy), 26.9 (s, CH2-Cy), 26.7 (s, CH2-Cy), 26.5 (s, CH2-Cy), 21.3 (s, PCH2CH2). IR 
(nujol, cm-1): 1900 (υCO). 
 
5.6.4.7 Synthesis of Ru(ICy)(dppp)(CO)(C6F5)H (80) 
 
Ph2P
PPh2
Ru
OC
NN
F
F
FF
F
H
 
 
C6F6 (0.12 mL, 1.01 mmol) and Et3SiH (0.16 mL, 1.01 mmol) were added to a toluene 
solution (10 mL) of Ru(ICy)(dppp)(CO)H2 (0.08 g, 0.10 mmol) and the reaction 
mixture heated at 393 K for 16 h. The solvent was removed under vacuum and the 
residue washed with hexane to afford Ru(ICy)(dppp)(CO)(C6F5)H as a white powder. 
Yield: 0.07 g (76 %). Analysis for C49H51F5N2OP2Ru [found (calculated)]: C, 62.85 
(62.48); H, 5.72 (5.46); N, 3.01 (2.97). 1H NMR (C6D6, 400 MHz, 298 K): δ 8.28 (m, 
2H, PC6H5), 7.79 (m, 2H, PC6H5), 7.27-7.09 (m, 7H, PC6H5), 7.05-6.82 (m, 9H, PC6H5), 
6.38 (br s, 1H, NCH), 6.28 (br s, 1H, NCH), 5.84 (m, 1H, CH-Cy), 5.26 (m, 1H, CH-
Cy), 2.63 (m, 2H, PCH2), 2.51 (m, 1H, PCH2) 2.26 (m, 1H, CH2-Cy), 2.08 (m, 1H, 
PCH2), 1.84-0.84 (m, 21H, PCH2 + CH2-Cy), -3.89 (q, JHP = JHF = 22.2 Hz, 1H, Ru-H). 
31P{1H}: δ 34.5 (d, JPP = 32.1 Hz), 31.8 (m). 19F: δ -96.8 (m, 1F, o-F), -99.2 (m, 1F, 
o-F), -163.8 (m, 1F, m-F), -164.3 (m, 1F, m-F), -166.2 (t, JFF = 20.6 Hz, p-F). 
Selected 13C{1H}: δ 205.9 (m, Ru-CO), 184.6 (dd, JCP = 83.0, JCP = 11.9 Hz, NCN), 
150.7 (dd, JCP = 42.1, JCP = 7.3 Hz, PC6Η5), 148.6 (d, JCP = 36.1 Hz, PC6H5), 142.0 (dd, 
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JCP = 33.7, J = 1.9 Hz, PC6H5), 140.8 (dd, JCP = 40.0, J = 3.2 Hz, PC6H5), 137.6 (d, JCP 
= 33.3 Hz, PC6H5), 135.7 (d, JCP = 40.9 Hz, PC6H5), 135.2 (d, JCP = 11.4 Hz, PC6H5), 
134.9 (d, JCP = 12.4 Hz, PC6H5), 131.9 (d, JCP = 9.1 Hz, PC6H5), 131.4 (d, JCP = 9.2 Hz, 
PC6H5), 130.2 (d, JCP = 25.0 Hz, PC6H5), 128.6 (d, JCP = 6.0 Hz, PC6H5), 128.4 (d, JCP = 
10.9 Hz, PC6H5), 128.1 (d, JCP = 9.3 Hz, PC6H5), 118.2 (br s, NCH), 60.2 (s, CH-Cy), 
59.2 (s, CH-Cy), 35.6 (d, J = 8.2 Hz, CH2-Cy), 35.3 (s, CH2-Cy), 34.5 (s, CH2-Cy), 34.3 
(s, CH2-Cy), 32.5 (dd, JCP = 28.6, JCP = 2.6 Hz, PCH2), 32.2 (dd, JCP = 32.3, JCP = 2.6 
Hz, PCH2), 26.8 (s, CH2-Cy), 26.7 (s, CH2-Cy), 26.6 (s, CH2-Cy), 26.5 (s, CH2-Cy), 
26.5 (s, CH2-Cy), 26.2 (s, CH2-Cy), 19.5 (s, PCH2CH2). IR (nujol, cm-1): 1873 (υCO). 
 
5.6.4.8 Synthesis of Ru(ICy)(dppp)(CO)(C6F4CF3)H (81) 
 
Ph2P
PPh2
Ru
OC
NN
F
F
CF3F
F
H
 
 
C6F5CF3 (0.05 mL, 0.32 mmol) was added to a toluene solution (10 mL) of 
Ru(ICy)(dppp)(CO)H2 (0.05 g, 0.06 mmol) and stirred at ambient temperature for 1 h. 
Et3SiH (0.05mL, 0.32 mmol) was added to the reaction mixture which was heated at 
393 K for 2 h. The solvent was stripped under vacuum and the residue washed with 
hexane to afford Ru(ICy)(dppp)(CO)(C6F4CF3)H as a white powder. Yield: 0.06 g 
(86 %). Crystals suitable for analysis by X-ray crystallography were provided from 
benzene/hexane. Analysis for C50H51F7N2OP2Ru.C6H6 [found (calculated)]: C, 62.47 
(62.86); H, 5.40 (5.37); N, 2.63 (2.62). 1H NMR (C6D6, 500 MHz, 298 K): δ 8.24 (m, 
2H, PC6H5), 7.76 (m, 2H, PC6H5), 7.24-7.10 (m, 7H, PC6H5), 6.98-6.82 (m, 9H, PC6H5), 
6.34 (d, 1H, JHH = 1.8 Hz, NCH), 6.23 (d, 1H, JHH = 2.1 Hz, NCH), 5.81 (m, 1H, CH-
Cy), 5.22 (m, 1H, CH-Cy), 2.62 (m, 2H, PCH2), 2.48 (m, 1H, PCH2) 2.24 (m, 1H, CH2-
Cy), 2.05 (m, 1H, PCH2), 1.84-0.76 (m, 21H, PCH2 + CH2-Cy), -3.91 (q, JHP = JHF = 
22.0 Hz, 1H, Ru-H). 31P{1H}: δ 34.2 (d, JPP = 33.0 Hz), 31.3 (m). 19F: δ -55.0 (t, JFF = 
21.0 Hz, CF3), -96.4 (m, 1F, o-F), -98.7 (m, 1F, o-F), -144.6 (m, 1F, m-F), -145.3 (m, 
1F, m-F). Selected 13C{1H}: δ 205.7 (m, Ru-CO), 183.8 (dd, JCP = 81.1, JCP = 12.1 Hz, 
NCN), 141.7 (d, JCP = 34.2 Hz, PC6H5), 140.1 (d, JCP = 40.4 Hz, PC6H5), 137.3 (d, JCP = 
33.3 Hz, PC6H5), 135.1 (d, JCP = 12.3 Hz, PC6H5), 134.9 (d, JCP = 12.2 Hz, PC6H5), 
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131.9 (d, JCP = 9.3 Hz, PC6H5), 131.1 (d, JCP = 8.9 Hz, PC6H5), 130.3 (d, JCP = 34.4 Hz, 
PC6H5), 129.2 (d, JCP = 17.0 Hz, PC6H5), 128.6 (d, JCP = 8.8 Hz, PC6H5), 128.3 (d, JCP = 
8.9 Hz, PC6H5), 118.3 (s, NCH), 60.3 (s, CH-Cy), 59.3 (s, CH-Cy), 35.6 (d, J = 6.6 Hz, 
CH2-Cy), 35.3 (s, CH2-Cy), 34.4 (s, CH2-Cy), 34.3 (s, CH2-Cy), 32.3 (d, JCP = 29.1 Hz, 
PCH2), 28.7 (d, JCP = 26.7 Hz, PCH2), 26.8 (s, CH2-Cy), 26.7 (s, CH2-Cy), 26.6 (s, CH2-
Cy), 26.5 (s, CH2-Cy), 26.4 (s, CH2-Cy), 26.1 (s, CH2-Cy), 19.5 (s, PCH2CH2). IR 
(nujol, cm-1): 1879 (υCO). 
 
5.6.4.9 Synthesis of Ru(ICy)(dppp)(CO)(C5F4N)H (82) 
 
Ph2P
PPh2
Ru
OC
NN
N
F
F
F
F
H
 
 
To a toluene solution of Ru(ICy)(dppp)(CO)H2 (0.05 g, 0.06 mmol) was added C5F5N 
(0.04 mL, 0.32 mmol). The solution was stirred at room temperature for 1 h before 
addition of Et3SiH (0.05 mL, 0.32 mmol) and heating at 393 K for 2 h. The reaction 
mixture was reduced in vacuo and washed with hexane to yield 
Ru(ICy)(dppp)(CO)(C5F4N)H as a white powder. Yield: 0.05 g (87 %). Crystals 
suitable for analysis by X-ray crystallography were obtained from benzene/hexane. 
Analysis for C48H51F4N3OP2Ru.C6H6 [found (calculated)]: C, 64.72 (64.66); H, 5.78 
(5.73); N, 4.19 (4.19). 1H NMR (C6D6, 500 MHz, 298 K): δ 8.30 (m, 2H, PC6H5), 7.76 
(m, 3H, PC6H5), 7.28-6.98 (m, 6H, PC6H5), 6.96-6.82 (m, 9H, PC6H5), 6.34 (d, JHH = 
1.7 Hz, 1H, NCH), 6.22 (d, JHH = 1.7 Hz, 1H, NCH), 5.80 (m, 1H, CH-Cy), 5.20 (m, 
1H, CH-Cy), 2.61 (m, 2H, PCH2), 2.53-0.75 (m, 24H, PCH2 + CH2-Cy), -3.87 (q, JHP = 
JHF = 21.0 Hz, 1H, Ru-H). 31P{1H}: δ 34.0 (d, JPP = 33.0 Hz), 30.7 (m). 19F: δ -100.3 
(m, 2F, m-F), -103.9 (m, 1F, o-F), 106.7 (m, 1F, o-F). Selected 13C{1H}: δ 205.6 (m, 
Ru-CO), 183.5 (dd, JCP = 80.3, JCP = 12.3 Hz, NCN), 141.7 (dd, JCP = 34.1, JCP = 1.8 
Hz, PC6H5), 140.0 (dd, JCP = 39.9, JCP = 1.8 Hz, PC6H5), 137.2 (d, JCP = 33.0 Hz, 
PC6H5), 135.2 (d, JCP = 12.1 Hz, PC6H5), 134.9 (d, JCP = 13.1 Hz, PC6H5), 131.9 (d, JCP 
= 9.6 Hz, PC6H5), 131.1 (d, JCP = 8.5 Hz, PC6H5), 130.4 (d, JCP = 43.0 Hz, PC6H5), 
129.2 (s, PC6H5), 128.8 (d, JCP = 49.2 Hz, PC6H5), 128.3 (d, JCP = 9.1 Hz, PC6H5), 
118.4 (s, NCH), 60.3 (s, CH-Cy), 59.2 (s, CH-Cy), 35.7 (d, J = 7.1 Hz, CH2-Cy), 35.3 
192 
Chapter 5  Experimental 
(s, CH2-Cy), 34.4 (s, CH2-Cy), 34.3 (s, CH2-Cy), 32.2 (dd, JCP = 28.0, JCP = 2.8 Hz, 
PCH2), 28.7 (dd, JCP = 27.4, JCP = 2.2 Hz, PCH2), 26.8 (s, CH2-Cy), 26.7 (s, CH2-Cy), 
26.6 (s, CH2-Cy), 26.5 (s, CH2-Cy), 26.4 (s, CH2-Cy), 26.1 (s, CH2-Cy), 19.4 (s, 
PCH2CH2). IR (nujol, cm-1): 1876 (υCO). 
 
5.6.4.10 Synthesis of Ru(ICy)(dppp)(CO)(C6F4H)H (83) 
 
Ph2P
PPh2
Ru
OC
NN
F
F
F
F
H
 
 
1,2,4,5-C6F4H2 (0.035 mL, 0.32 mmol) was added to a toluene solution (10 mL) of 
Ru(ICy)(dppp)(CO)H2 (0.03 g, 0.03 mmol) and the reaction mixture heated at 393 K for 
32 h. The solvent was removed and the residue washed with hexane to afford 
Ru(ICy)(dppp)(CO)(C6F4H)H as a white powder. Yield: 0.02 g (67 %). Analysis for 
C49H52F4N2OP2Ru [found (calculated)]: C, 63.59 (63.70); H, 5.57 (5.67); N, 3.02 (3.03). 
1H NMR (C6D6, 400 MHz, 298 K): δ 8.31 (m, 2H, PC6H5), 7.80 (m, 2H, PC6H5), 7.24-
7.09 (m, 6H, PC6H5), 7.08-6.81 (m, 10H, PC6H5), 6.36 (d, JHH = 1.9 Hz, 1H, NCH), 
6.27 (d, JHH = 1.9 Hz, 1H, NCH), 6.23 (m, 1H, C6F4H), 2.66 (m, 2H, PCH2), 2.52 (m, 
1H, PCH2) 2.31 (m, 1H, CH2-Cy), 1.94-0.79 (m, 22H, PCH2 + CH2-Cy), -3.86 (q, JHP = 
JHF = 21.9 Hz, 1H, Ru-H). 31P{1H}: δ 32.2 (d, JPP = 34.5 Hz), 31.2 (m). 19F: δ -98.4 (m, 
1F, o-F), -100.8 (m, 1F, o-F), -141.7 (m, 1F, m-F), -142.1 (m, 1F, m-F). Selected 
13C{1H}: δ 206.5 (m, Ru-CO), 184.9 (dd, JCP = 80.9, JCP = 11.9 Hz, NCN), 142.1 (dd, 
JCP = 32.4, JCP = 2.0 Hz, PC6Η5), 140.8 (d, JCP = 39.1, JCP = 2.2 Hz, PC6H5), 135.2 (d, 
JCP = 12.3 Hz, PC6H5), 132.1 (d, JCP = 9.8 Hz, PC6H5), 130.1 (d, JCP = 22.0, JCP = 2.1 
Hz, PC6H5), 128.1 (d, JCP = 9.2 Hz, PC6H5), 118.1 (br s, NCH), 99.3 (t, JCF = 25.1 Hz, 
p-C6F4H), 60.2 (s, CH-Cy), 59.2 (s, CH-Cy), 35.6 (d, J = 8.2 Hz, CH2-Cy), 35.5 (s, 
CH2-Cy), 35.3 (s, CH2-Cy), 34.5 (s, CH2-Cy), 34.4 (s, CH2-Cy), 32.4 (dd, JCP = 28.0, 
JCP = 3.0 Hz, PCH2), 32.2 (br d, JCP = 32.3 Hz, PCH2), 26.9 (s, CH2-Cy), 26.7 (s, CH2-
Cy), 26.6 (s, CH2-Cy), 26.2 (s, CH2-Cy), 19.6 (br s, PCH2CH2). IR (nujol, cm-1): 1872 
(υCO). 
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5.6.5 Syntheses of Ru-IMes complexes 
 
5.6.5.1 Synthesis of Ru(IMes)(PPh3)(CO)HF (27) 
 
Ru
OC H
F
PPh3
NN
 
 
Ru(IMes)(PPh3)2(CO)H2 (0.05 g, 0.05 mmol) was dissolved in benzene (10 mL) and 
Et3N·3HF (0.01 mg, 0.08 mmol) added via syringe. The solution was agitated at 
ambient temperature for 1 h before addition of CsF (0.04 g, 0.23 mmol) and filtration by 
cannula. The solution was then reduced to dryness, re-dissolved in a minimum amount 
of C6D6 and transferred to a J. Youngs NMR tube for analysis. 1H NMR (C6D6, 500 
MHz, 298 K):* δ 6.82 (s, 2H, C6Me3H2), 6.75 (s, 2H, C6Me3H2), 6.23 (s, 2H, NCH), 
2.46 (s, 6H, CH3), 2.31 (s, 6H, CH3), 2.10 (s, 6H, CH3), -23.15 (br s, 1H, Ru-H). 
31P{1H}: δ 39.5 (br d, JPF = 24.6 Hz). 19F: δ -207.5 (br s, Ru-F).* The presence of free 
PPh3 prevented assignment of the aromatic region of the 1H spectrum. 13C{1H}: δ 205.5 
(dd, JCF = 74.0, JCP = 12.7 Hz, Ru-CO), 191.4 (d, JCP = 103.9 Hz, NCN), 139.0 (s, 
CCH3), 137.6 (s, CCH3), 137.5 (s, NCipso), 137.4 (s, CCH3), 129.9 (s, o-/p-C6Me3H2), 
129.8 (s, o-/p-C6Me3H2), 122.9 (s, NCH), 21.9 (s, CH3), 19.2 (s, CH3), 19.1 (s, CH3). IR 
(C6D6, cm-1): 1913 (υCO, Ru(IMes)(PPh3)(CO)HF), 1903 (υCO, 
Ru(IMes)(PPh3)2(CO)HF). 
 
5.6.5.2 Synthesis of Ru(IMes)(PPh3)2(CO)H2 (29) 
 
Ru
Ph3P
OC H
H
PPh3
NN
 
 
Toluene (30 mL) was added to Ru(PPh3)3(CO)HF (0.50 g, 0.53 mmol) and IMes 
(0.49 g, 1.60 mmol), and the reaction mixture stirred at room temperature for 2.5 h. 
Et3SiH (0.85 mL, 5.30 mmol) was added to the solution via syringe, the mixture was 
agitated for a further 30 min. before the solvent was stripped under vacuum. The residue 
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was subsequently washed with ethanol (20 mL) and hexane (2 x 20 mL) to give the 
product as a white solid which was dried in vacuo. Yield: 0.36 g (70 %). 1H NMR 
(C6D6, 400 MHz, 298 K): δ 7.42-7.30 (m, 12H, PC6H5), 6.93 (m, 18H, PC6H5), 6.86 (br 
s, 2H, C6Me3H2), 6.82 (br s, 2H, C6Me3H2), 6.25 (br s, 2H, NCH), 2.26 (s, 6H, p-CH3), 
2.20 (s, 6H, m-CH3), 1.82 (s, 6H, m-CH3), -6.36 (ddd, JHP = 26.8, JHP = 23.6, JHH = 6.0 
Hz, 1H, Ru-H), -8.08 (ddd, JHP = 81.2, JHP = 33.6, JHH = 6.0 Hz, 1H, Ru-H). 31P{1H}: 
δ 59.0 (d, JPP = 14.8 Hz), 47.8 (d, JPP = 14.8 Hz). 13C{1H}: δ 205.2 (t, JCP = 8.8 Hz, 
Ru-CO), 197.7 (dd, JCP = 75.5, JCP = 6.7 Hz, NCN), 142.2 (br s, PC6H5), 142.1 (br s, 
PC6H5), 140.1 (br s, Cipso), 137.7 (br s, CCH3), 134.6 (d, JCP = 5.4 Hz, PC6H5), 134.4 (d, 
JCP = 6.7 Hz, PC6H5), 129.4 (br s, m-C6Me3H2), 127.9 (s, PC6H5), 127.4 (d, JCP = 8.4 
Hz, PC6H5), 127.0 (d, JCP = 8.9 Hz, PC6H5), 122.4 (br s, NCH), 21.4 (s, CCH3). IR 
(C6D6, cm-1): 1941 (υCO).   
 
5.6.5.3 Evidence of Ru(IMes)(PPh3)2(CO)HF (30) 
  
Ru
Ph3P
OC H
F
PPh3
NN
 
 
In the presence of a total of 2.6 equivalents of PPh3 (8 mg, 0.03 mmol), a solution of 
Ru(IMes)(PPh3)(CO)HF (7 mg, 0.01 mmol) was found by low temperature NMR 
spectroscopy to have undergone complete conversion to Ru(IMes)(PPh3)2(CO)HF. 1H 
NMR (C6D5CD3, 400 MHz, 201 K):* δ 6.00 (s, 1H, NCH), 5.85 (s, 1H, NCH) 2.70 (s, 
3H, CH3), 2.54 (s, 3H, CH3), 2.32 (s, 3H, CH3), 2.24 (s, 3H, CH3), 2.12 (s, 3H, CH3), 
1.35 (s, 3H, CH3), -5.54 (dd, JHP = 123.5, JHP = 28.1 Hz, 1H, Ru-H).* The presence of 
free PPh3 prevented assignment of the aromatic region of the 1H spectrum. 31P{1H}: 
δ 35.5 (m), 14.3 (m). 19F: δ -362.1 (br s, Ru-F). IR (C6D6, cm-1): 1903 (υCO). 
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5.6.5.4 Synthesis of Ru(IMes)(PPh3)(CO)2HF (31) 
 
Ru
OC
OC H
F
PPh3
NN
 
 
Ru(IMes)(PPh3)2(CO)H2 (0.10 g, 0.10 mmol) was added to an ampoule and dissolved in 
benzene (20 mL). Et3N·3HF (0.02 g, 0.12 mmol) was added via syringe and the sample 
stirred at room temperature for 1 h. Residual Et3N·3HF was removed via addition of 
CsF (0.09 g, 0.62 mmol) and filtration via cannula. The solution was freeze-pump-thaw 
degassed (x3) before addition of 1 atm. of CO and the solution stirred at room 
temperature for 10 minutes. The solution was then reduced in vacuo, washed with 
hexane (2 x 10 ml) and dried under vacuum to give Ru(IMes)(PPh3)(CO)2HF as a white 
powder. Yield: 0.05 g, (65 %). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.39 (m, 6H, 
PC6H5), 7.04 (m, 9H, PC6H5), 6.91 (s, 2H, C6Me3H2), 6.80 (s, 2H, C6Me3H2), 6.33 (s, 
2H, NCH), 2.34 (s, 6H, CH3), 2.26 (s, 6H, CH3), 2.18 (s, 6H, CH3), -3.29 (dd, JHP = 
22.4, JHF = 7.7 Hz, 1H, Ru-H). 31P{1H}: δ 39.5 (d, JPF = 22.5 Hz). 19F: δ -397.0 (br d, 
JFP = 22.5 Hz, Ru-F). 13C{1H}: δ 203.5 (dd, JCF = 69.8, JCP = 11.4 Hz, Ru-CO), 194.2 (t, 
JCF = JCP = 10.1 Hz, Ru-CO) 189.2 (d, JCP = 97.3 Hz, NCN), 140.1 (s, NCipso) 139.4 (s, 
C6Me3H2), 137.8 (s, C6Me3H2), 137.3 (s, C6Me3H2), 136.8 (d, JCP = 42.2 Hz, PC6H5), 
135.1 (d, JCP = 10.8 Hz, PC6H5), 134.8 (d, JCP = 19.9 Hz, PC6H5), 130.1 (s, C6Me3H2), 
130.0 (d, JCP = 22.9 Hz, PC6H5), 129.8 (s, C6Me3H2), 129.7 (d, JCP = 33.9 Hz, PC6H5), 
129.6 (s, C6Me3H2), 123.3 (s, NCH), 21.9 (s, CH3), 19.8 (s, CH3), 18.7 (s, CH3). IR 
(nujol, cm-1): 2026 (υCO), 1950 (υCO). 
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5.6.5.5 Synthesis of Ru(IMes)(dppp)(CO)HF (68) 
 
Ph2P
PPh2
Ru
OC H
F
NN
 
 
Et3N·3HF (0.43 g, 0.27 mmol) and Ru(IMes)(dppp)(CO)H2 (0.15 g, 0.18 mmol) were 
stirred in benzene (20 mL) at room temperature for 8 h. Anhydrous CsF was then added 
(0.20 g, 1.33 mmol) and the mixture stirred for a further 2 h. After cannula filtration, the 
filtrate was reduced to dryness to leave a yellow oil. Crystallisation from 
benzene/hexane afforded colourless crystals of Ru(IMes)(dppp)(CO)HF. Yield: 0.12 g 
(78 %). Analysis for C49H51F1N2OP2Ru [found (calculated)]: C, 68.48 (67.96); H, 6.06 
(5.94); N, 3.54 (3.23). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.78 (m, 2H, PC6H5), 7.56 
(m, 2H, PC6H5), 7.26 (m, 2H, PC6H5), 7.22-7.05 (m, 11H, PC6H5), 6.93 (s, 2H, 
C6Me3H2), 6.84 (m, 3H, PC6H5), 6.74 (s, 2H, C6Me3H2), 6.20 (s, 2H, NCH), 2.68 (m, 
1H, CH2), 2.44 (s, 6H, CH3), 2.39 (m, 1H, CH2), 2.29 (s, 6H, CH3), 2.04 (m, 1H, CH2), 
1.92-1.60 (m, 3H, CH2), 1.75 (s, 6H, CH3), -5.79 (ddd, JHP = 127.6, JHP = 22.0, JHF = 
4.9 Hz, 1H, Ru-H). 31P{1H}: δ 28.9 (dd, JPF = 27.1, JPP = 19.3 Hz), 3.6 (dd, JPF = 47.4, 
JPP = 19.3 Hz). 19F: δ -365.2 (br dd, JFP = 47.4, JFP = 27.1 Hz, Ru-F). 13C{1H}: δ 206.7 
(ddd, JCF = 69.1, JCP = 14.2, JCP = 8.5 Hz, Ru-CO), 193.4 (br dt, JCF = 96.4, JCP = JCF = 
9.2 Hz, NCN), 145.5 (dd, JCP = 13.1, J = 4.3 Hz, PC6H5), 142.2 (dd, JCP = 43.9, J = 5.1 
Hz, PC6H5), 139.8 (s, NCipso), 138.9 (s, CCH3), 137.9 (s, CCH3), 136.5 (s, CCH3), 135.2 
(d, JCP = 13.2 Hz, PC6H5), 134.9 (dd, JCP = 10.8, J = 4.9 Hz, PC6H5), 133.5 (dd, JCP = 
10.2, J = 6.4 Hz, PC6H5), 133.3 (d, JCP = 10.2 Hz, PC6H5), 129.9 (s, m-C6Me3H2) 129.6 
(s, m-C6Me3H2), 129.1 (d, JCP = 9.9 Hz, PC6H5), 128.9 (d, JCP = 3.2 Hz, PC6H5), 128.7 
(d, JCP = 28.6 Hz, PC6H5), 128.4 (d, JCP = 8.4 Hz, PC6H5), 128.3 (d, JCP = 9.0 Hz, 
PC6H5), 123.8 (s, NCH) 123.8 (s, NCH), 28.4 (dd, JCP = 20.1, JCP = 6.3 Hz, PCH2), 27.5 
(d, JCP = 19.5 Hz, PCH2), 22.0 (s, CH3), 21.1 (s, PCH2CH2), 20.4 (s, CH3), 18.9 (s, 
CH3). IR (nujol, cm-1): 1905 (υCO). 
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5.6.5.6 Preparation of Ru(IMes)(dppp)(CO)H2 (69) 
 
Ph2P
PPh2
Ru
OC H
H
NN
 
 
Ru(IMes)(dppp)(CO)H2 was prepared by a method adapted from the literature.17 
 
Ru(dppp)(PPh3)3(CO)H2 (0.50 g, 0.62 mmol) and IMes (0.56 g, 1.86 mmol) were 
combined in a ampoule fitted with a J. Youngs PTFE tap and dissolved in toluene (50 
mL). The reaction mixture was refluxed at 393 K for 5 days, then cooled to room 
temperature and reduced in vacuo. The solid was washed with ethanol (20 mL), and 
hexane (2 x 20 mL) and dried under vacuum to give Ru(IMes)(dppp)(CO)H2 as a white 
powder. Yield: 0.39 g (73 %). Selected 1H NMR data (C6D6, 400 MHz, 298 K): δ -6.20 
(ddd, JHP = 22.9, JHP = 15.5, JHH = 5.8 Hz, 1H, Ru-H), -7.07 (ddd, JHP = 79.4, JHP = 22.9, 
JHH = 5.8 Hz, 1H, Ru-H). 31P{1H}: δ 40.6 (d, JPH = 24.5 Hz), 28.1 (d, JHP = 24.5 Hz,). IR 
(nujol, cm-1): 1941 cm-1. 
 
5.6.5.7 Synthesis of Ru(IMes)(dppp)’(CO)H (70) 
 
Ph2P
PhP
Ru
OC H
NN
 
 
Et3N·3HF (0.43 g, 0.27 mmol) and Ru(IMes)(dppp)(CO)H2 (0.15 g, 0.18 mmol) were 
stirred in benzene (20 mL) at room temperature for 8 h. Anhydrous CsF was then added 
(0.20 g, 1.33 mmol) and the mixture stirred for a further 2 h. After cannula filtration, the 
filtrate was reduced to dryness to leave a yellow oil. Analysis of the oil by NMR 
spectroscopy showed Ru(IMes)(dppp)’(CO)H as a minor product. Selected 1H NMR 
(C6D6, 400 MHz, 298 K): 6.89 (s, 2H, C6Me3H2), 6.59 (s, 2H, C6Me3H2), 6.17 (s, 2H, 
NCH), 2.43 (s, 6H, CH3), 2.20 (m, 6H, CH3), 1.74 (s, 6H, CH3), -6.79 (dd, JHP = 123.9, 
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JHP = 19.8 Hz, 1H, Ru-H). 31P{1H}: δ 29.9 (d, JPP = 19.3 Hz), -0.4 (d, JPP = 19.3 Hz). 
Selected 13C{1H}: δ 204.8 (dd, JCP = 14.0, JCP = 6.2 Hz, Ru-CO), 188.2 (dd, JCP = 94.7, 
JCP = 9.3 Hz, NCN). 
 
5.6.6 Syntheses of Ru-SIMes complexes 
 
5.6.6.1 Synthesis of Ru(SIMes)(PPh3)(CO)HF (32) 
 
Ru
OC H
F
PPh3
NN
 
 
Ru(PPh3)3(CO)HF (0.50 g, 0.52 mmol) and SIMes·C6F5-H (0.76 g, 1.60 mmol) were 
dissolved in benzene (20 mL) in an ampoule fitted with a PTFE tap and heated at 343 K 
for 2.5 h. The resultant green solution was pumped to dryness, washed with hexane (50 
mL) and dried in vacuo to yield Ru(SIMes)(PPh3)(CO)HF. Yield: 0.31 g (81 %). Higher 
purity product could be obtained by treatment of a benzene solution (20 mL) of 
Ru(SIMes)(PPh3)2(CO)H2 (0.1 g, 0.01 mmol) with Et3N·3HF (0.02 g, 0.01 mmol) and 
subsequent stirring at room temperature for 2 h. The resultant yellow solution was 
stirred with CsF (0.08 g, 0.06 mmol) for 1 h, the solution filtered and the filtrate 
reduced to dryness. The residue was washed with hexane (2 x 10 mL) to afford 
Ru(SIMes)(PPh3)(CO)HF as a yellow microcrystalline solid. Yield: 0.06 g (75 %). 
Crystals suitable for X-ray crystallography were obtained by layering a benzene 
solution with hexane. Analysis for C43H45N2OFPRu·0.5C6H6 [found (calculated)]: C, 
68.24 (68.21); H, 5.99 (6.11); N, 3.70 (3.64). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.40 
(m, 6H, PC6H5), 6.97 (m, 9H, PC6H5), 6.85 (s, 2H, C6Me3H2), 6.77 (s, 2H, C6Me3H2), 
3.28 (s, 4H, NCH2), 2.65 (s, 6H, CCH3), 2.48 (s, 6H, CCH3), 2.10 (s, 6H, CCH3), -23.37 
(d, JHP = 24.1 Hz, 1H, Ru-H). 31P{1H}: δ 38.8 (br d, JPF = 18.0 Hz) [upon addition of 
Me3SiCF3, this becomes a sharper doublet with a resolved JPF coupling of 26.7 Hz)]. 
19F: δ 215.8 (br s, Ru-F), [upon addition of Me3SiCF3, this becomes a sharper doublet 
with a resolved JFP coupling of 26.7 Hz)]. 13C{1H}: δ 217.0 (d, JCP = 99.3 Hz, NCN), 
205.4 (br s, Ru-CO), 138.5 (s, o-/p-C6Me3H2), 138.3 (s, o-/p-C6Me3H2), 137.0 (s, 
NCipso), 136.3 (d, JCP = 39.0 Hz, PC6H5), 135.3 (d, JCP = 12.1 Hz, PC6H5), 130.3 (s, m-
C6Me3H2), 130.3 (s, m-C6Me3H2), 129.9 (br s, PC6H5), 128.8 (s, PC6H5), 51.5 (s, 
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NCH2), 51.5 (s, NCH2), 21.8 (s, CCH3), 19.3 (s, CCH3), 19.2 (s, CCH3). IR (C6D6, 
cm-1): 1916 (υCO). 
 
5.6.6.2 Evidence of Ru(SIMes)(PPh3)2(CO)HF (33) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
Addition of 2.6 equivalents of PPh3 (5 mg, 0.018 mmol) to a solution of 
Ru(SIMes)(PPh3)(CO)HF (5 mg, 0.007 mmol) showed by low temperature NMR 
spectroscopy full conversion to Ru(SIMes)(PPh3)2(CO)HF. Selected 1H NMR 
(C6D5CD3, 400 MHz, 201 K):* δ 3.28-2.98 (br s, 3H, CH3), 2.91 (br s, 3H, CH3), 2.80 
(br s, 3H, CH3), 2.32 (br s, 6H, CH3), 1.57 (br s, 3H, CH3) -5.67 (dd, JHP = 118.0, JHP = 
28.0 Hz, 1H, Ru-H). The presence of free PPh3 prevented assignment of the aromatic 
region of the 1H spectrum 31P{1H}: δ 34.4 (m), 15.7 (m). 19F: δ -360.7 (br s, Ru-F). 
Selected 13C{1H}: δ 218.3 (br d, JCP = 93.4 Hz, NCN), 204.0 (br d, JCF = 70.1 Hz, Ru-
CO). IR (C6D6, cm-1): 1902 (υCO). 
 
5.6.6.3 Synthesis of Ru(SIMes)(PPh3)(CO)2HF (34) 
 
Ru
OC
OC H
F
PPh3
NN
 
 
Ru(SIMes)(PPh3)2(CO)H2 (0.15 g, 0.16 mmol) was combined with benzene (20 mL) in 
an ampoule, and Et3N·3HF (0.03 g, 0.19 mmol) added via syringe. The sample was 
stirred at ambient temperature for 1 h before addition of CsF (0.14 g, 0.94 mmol) and 
filtration by cannula. The solution was freeze-pump-thaw degassed (x3) and 1 atm. of 
CO applied with stirring for a period of 10 minutes. The solution was then reduced 
under vacuum, washed with hexane (2 x 10 ml) and dried in vacuo to give 
Ru(SIMes)(PPh3)(CO)2HF as a colourless powder. Yield: 0.08 g (66 %). Analysis for 
C41H42F1N2O2PRu [found (calculated)]: C, 65.94 (66.03); H, 5.80 (5.68); N, 3.69 
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(3.76).1H NMR (C6D6, 400 MHz, 298 K): δ 7.73 (m, 6H, PC6H5), 6.98 (m, 9H, PC6H5), 
6.92 (s, 2H, C6Me3H2), 6.83 (s, 2H, C6Me3H2), 3.30 (s, 4H, NCH2), 2.50 (s, 6H, CH3), 
2.44 (s, 6H, CH3), 2.19 (s, 6H, CH3), -3.53 (dd, JHP = 22.6, JHF = 7.7 Hz, 1H, Ru-H). 
31P{1H}: δ 38.7 (d, JPF = 22.5 Hz). 19F: δ -399.5 (br d, JFP = 22.5 Hz, Ru-F). 13C{1H}: 
δ 213.1 (dd, JCP = 93.0, JCF = 4.4 Hz, NCN), 203.2 (dd, JCF = 65.4, JCP = 9.3 Hz, Ru-
CO), 194.2 (m, Ru-CO), 140.4 (s, C6Me3H2), 138.5 (s, C6Me3H2), 138.5 (s, C6Me3H2), 
138.0 (s, C6Me3H2), 136.8 (d, JCP = 41.2 Hz, PC6H5), 135.1 (d, JCP = 11.4 Hz, PC6H5), 
130.5 (s, C6Me3H2), 130.2 (d, JCP = 27.9 Hz, PC6H5), 129.4 (s, C6Me3H2), 128.9 (d, JCP 
= 29.7 Hz, PC6H5), 51.1 (s, NCH2), 51.1 (s, NCH2), 21.9 (s, CH3), 19.1 (s, CH3), 19.0 
(s, CH3). IR (nujol, cm-1): 2027 (υCO), 1950 (υCO). 
 
5.6.6.4 Synthesis of Ru(SIMes)(PPh3)(CO)H(OTf) (35) 
 
Ru
OC H
O
PPh3
NN
S
O
O
CF3
 
 
Ru(SIMes)(PPh3)(CO)HF (10 mg, 0.013 mmol) was dissolved in benzene-d6 (1 mL) in 
a J. Youngs re-sealable NMR tube. To the solution was added Me3Si(OTf) (6 mg, 0.026 
mmol) and the reaction mixture agitated for 5 minutes. Analysis of the solution by 
NMR spectroscopy after 10 minutes at room temperature showed conversion to 
Ru(SIMes)(PPh3)(CO)H(OTf). Selected 1H NMR (C6D6, 500 MHz, 298 K): δ -22.71 (d, 
JHP = 23.2 Hz, Ru-H). 31P{1H}: δ 39.3 (s). 19F: δ -77.1 (s, Ru-OSO2CF3). IR (C6D6, 
cm-1): 1938 (υCO). 
     
5.6.6.5 Synthesis of Ru(SIMes)(PPh3)(CO)HI (36) 
 
Ru
OC H
I
PPh3
NN
 
 
Ru(SIMes)(PPh3)(CO)HF (10 mg, 0.013 mmol) was dissolved in benzene-d6 (1 mL) in 
a J. Youngs re-sealable NMR tube. To the solution was added Me3SiI (6 mg, 0.026 
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mmol) and the reaction mixture agitated at ambient temperature for 5 minutes. Analysis 
of the orange solution by NMR spectroscopy after 10 minutes showed conversion to 
Ru(SIMes)(PPh3)(CO)HI. 1H NMR (C6D6, 500 MHz, 298 K): δ 7.56 (m, 6H, PC6H5), 
7.04 (m, 9H, PC6H5), 6.88 (s, 2H, C6Me3H2), 6.83 (s, 2H, C6Me3H2), 3.29 (s, 4H, 
NCH2), 2.61 (s, 6H, CH3), 2.55 (s, 6H, CH3), 2.09 (s, 6H, CH3), -22.50 (d, JHP = 23.0 
Hz, 1H Ru-H). 31P{1H}: δ 43.5 (s). IR (C6D6, cm-1): 1922 (υCO).  
 
5.6.6.6 Synthesis of Ru(SIMes)(PPh3)2(CO)H2 (39) 
 
Ru
Ph3P
OC H
H
PPh3
NN
 
 
Ru(PPh3)3(CO)HF (0.30 g, 0.32 mmol) and SIMes·C6F5-H (0.45 g, 0.96 mmol) were 
combined in an ampoule fitted with a PTFE tap and dissolved in benzene (30 mL). The 
reaction mixture was heated at 343 K for 2.5 h, and the solution filtered by cannula. 
Et3SiH (0.25 mL, 0.157 mmol) was added to the filtrate and the resulting solution 
stirred at room temperature for 1 h. The reaction mixture was reduced in volume and 
ethanol (30 mL) added with stirring to afford a suspension of a white solid. The solid 
was isolated by cannula filtration, washed with hexane (2 x 30 mL) and dried under 
vacuum to give Ru(SIMes)(PPh3)2(CO)H2. Yield: 0.15 g (49 %). Analysis for 
C58H58N2OP2Ru [found (calculated)]: C, 72.15 (72.41); H, 6.48 (6.08); N, 2.65 (2.91). 
1H NMR (C6D6, 500 MHz, 298 K): 7.50-7.27 (m, 12H, PC6H5), 7.05-6.97 (m, 20H, 
PC6H5 + C6Me3H2), 6.84 (br s, 2H, C6Me3H2), 3.27 (br s, 4H NCH2), 2.61 (br s, 3H, 
CH3), 2.34 (s, 6H, CH3), 2.21 (br s, 6H, CH3), 1.51 (br s, 3H, CH3), -6.63 (ddd, JHP  = 
24.4, JHP  = 22.8, JHH = 5.6 Hz, 1H, Ru-H), -8.20 (ddd, JHP  = 77.4, JHP  = 33.3, JHH = 5.6 
Hz, 1H, Ru-H). 31P{1H}: δ 57.4 (d, JPP  = 15.8 Hz), 47.6 (d, JPP  = 15.8 Hz). 13C{1H}: 
δ 224.9 (dd, JCP = 72.1, JCP = 6.5 Hz, NCN), 205.7 (dd, JCP = 8.7, JCP = 8.5 Hz, Ru-CO), 
142.6 (d, JCP  = 13.7 Hz, PC6H5), 142.2 (s, NCipso), 138.8 (s, C6Me3H2), 138.7 (d, JCP  = 
13.7 Hz, PC6H5), 135.2 (s, C6Me3H2), 135.3 (d, JCP  = 3.1 Hz, PC6H5), 133.1 (d, JCP  = 
9.6 Hz, PC6H5), 132.1 (d, JCP  = 2.9 Hz, PC6H5), 131.8 (s, C6Me3H2), 129.5 (d, JCP  = 2.0 
Hz, PC6H5), 128.1 (d, JCP  = 8.6 Hz, PC6H5), 127.8 (d, JCP  = 9.0 Hz, PC6H5), 51.8 (s, 
NCH2), 21.8 (CH3). IR (nujol, cm-1): 1941 (υCO). 
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5.6.6.7 Evidence for Ru(SIMes)(PPh3)(CO)2H2 (49) 
 
Ru
OC
OC H
H
PPh3
NN
 
 
Ru(SIMes)(PPh3)3(CO)H2 (10 mg, 0.01 mmol) was dissolved in benzene-d6 (0.5 mL) in 
a J. Youngs NMR tube fitted with a PTFE re-sealable valve. The solution was freeze-
pump-thaw degassed (x3) and 1 atm. of CO was applied. Analysis by NMR 
spectroscopy after 1 h at 298 K showed formation of Ru(SIMes)(PPh3)(CO)2H2. 
Selected 1H NMR (C6D6, 400 MHz, 298 K): δ * 3.35 (s, 4H NCH2), 2.50 (s, 9H, CH3), 
2.36 (s, 3H, CH3), 2.36 (br s, 3H, CH3), 2.30 (s, 3H, CH3), -6.62 (d, JHP = 26.9 Hz, 2H, 
Ru-H).* The presence of free PPh3 prevented assignment of the aromatic region of the 
1H spectrum. 31P{1H}: δ 60.6 (s). 
 
5.6.6.8 Synthesis of Ru(SIMes)(PPh3)(CO)3 (52) 
 
OC Ru
CO
CO
PPh3
NN
 
 
Ru(SIMes)(PPh3)3(CO)H2 (0.04 g, 0.04 mmol) was dissolved in benzene (10 mL) and 
freeze-pump-thaw degassed (x3). 1 atm. of CO was applied and the reaction left at room 
temperature for 16 h. The solution was then freeze-pump-thaw degassed (x3) and a 
second CO atmosphere applied. The reaction mixture was stirred at room temperature 
for a further 16 h, reduced in vacuo and washed with hexane (2 x 2 mL). The yellow 
solid was dissolved in the minimal benzene (~3 mL) and slowly layered with hexane 
providing formation of crystalline Ru(SIMes)(PPh3)(CO)3. Yield: 0.03 g (80 %). 
Analysis for C42H41N2O3PRu [found (calculated)]: C, 66.92 (66.75); H, 5.48 (5.45); N, 
3.72 (3.67).  1H NMR (C6D6, 500 MHz, 298 K): δ 7.57 (m, 5H, PC6H5), 7.26-7.02 (m, 
4H, C6Me3H2), 6.99-6.80 (m, 10H, PC6H5), 3.38 (s, 4H, NCH2), 2.52 (s, 12H, o-CH3) 
2.28 (s, 6H, p-CH3). 31P{1H}: δ 59.70 (s). 13C{1H}: δ 215.3 (d, JCP = 61.0 Hz, NCN), 
212.6 (d, JCP = 17.0 Hz, Ru-CO), 139.7 (C6Me3H2) 138.5 (C6Me3H2), 178.8 (s, NCipso), 
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134.9 (d, JCP = 11.6 Hz, PC6H5), 134.8 (d, JCP = 19.9 Hz, PC6H5), 130.5 (s, PC6H5), 
130.1 (C6Me3H2), 130.0 (C6Me3H2), 137.8 (d, JCP = 45.9 Hz, PC6H5), 129.5 (d, JCP = 
4.0 Hz, PC6H5), 128.6 (d, JCP = 10.9 Hz, PC6H5), 51.6 (s, NCH2), 51.5 (s, NCH2), 19.4 
(s, CH3). IR (C6D6, cm-1): 1866 (υCO). 
 
5.6.6.9 Synthesis of Ru(SIMes)(PPh3)(CO)(C6F5)H (58) 
 
F
F
F
F
F
Ru
OC H
PPh3
NN
 
 
Ru(SIMes)(PPh3)(CO)HF (10 mg, 0.013 mmol) was dissolved in benzene-d6 (1 mL) in 
a J. Youngs NMR tube fitted with a PTFE re-sealable valve. To the solution was added 
C6F5H (15.5 µL, 0.140 mmol) followed by Et3SiH (11.1 µL, 0.140 mmol). The reaction 
mixture was shaken vigorously then refluxed at 343 K for 1 h. Analysis of the orange 
solution by NMR spectroscopy showed complete conversion to 
Ru(SIMes)(PPh3)(CO)(C6F5)H. 1H NMR (C6D6, 500 MHz, 298 K): δ 7.21 (m, 5H, 
PC6H5), 7.13-6.87 (m, 10H, PC6H5), 6.85 (s, 2H, C6Me3H2), 6.77 (s, 2H, C6Me3H2), 
3.21 (s, 2H, CH2), 2.30 (s, 6H, CH3), 2.17 (s, 6H, CH3), 2.14 (s, 3H, CH3), 2.10 (s, 3H, 
CH3), -25.98 (ddd, JHP = 24.1, JHF = 4.2, JHF = 3.8 Hz, 1H, Ru-H). 31P{1H}: δ 49.6 (s). 
19F: δ -107.5 (m, 1F, o-F), -116.4 (m, 1F, o-F), -164.7 (m, 1F, m-F), -165.2 (t, JFF = 20.1 
Hz, 1F, p-F), -165.9 (m, 1F, m-F). IR (C6D6, cm-1): 1927 (υCO). 
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5.6.7 Syntheses of Ru-IPr complexes 
 
5.6.7.1 Synthesis of Ru(IPr)(PPh3)(CO)HF (40) 
 
Ru
OC H
F
PPh3
NN
 
 
A toluene (20 mL) solution of Ru(PPh3)3(CO)HF (0.10 g, 0.10 mmol) was heated with 
IPr (0.11 g, 0.29 mmol) at 363 K for 8 h to give full conversion to 
Ru(IPr)(PPh3)(CO)HF by NMR spectroscopy. An alternative and cleaner route to the 
complex involved the reaction of Ru(IPr)(PPh3)2(CO)H2 (0.05 g, 0.05 mmol) with 
Et3N·3HF (0.01 g, 0.06 mmol) in benzene (10 mL) at ambient temperature for 1 h. CsF 
(0.04 g, 0.29 mmol) was added and the reaction mixture stirred at room temperature for 
1 h. The solution was filtered by cannula and the filtrate was reduced to dryness. The 
solid was dissolved in a minimum amount of C6D6 and transferred to a J. Youngs NMR 
tube for spectroscopic analysis. 1H NMR (C6D6, 500 MHz, 298 K):* δ 6.62 (s, 2H, 
NCH), 3.30 (sept, JHH = 6.7 Hz, 2H, CH(CH3)2), 3.10 (sept, JHH = 6.7 Hz, 2H, 
CH(CH3)2), 1.54 (d, JHH = 6.7 Hz, 6H, CH(CH3)2), 1.28 (d, JHH = 6.7 Hz, 6H, 
CH(CH3)2), 1.12 (d, JHH = 6.7 Hz, 6H, CH(CH3)2), 1.08 (d, JHH = 6.7 Hz, 6H, 
CH(CH3)2), -23.78 (d, JHP = 23.8 Hz, 1H, Ru-H).* The presence of free PPh3 prevented 
assignment of the aromatic region of the 1H spectrum. 31P{1H}: δ 40.0 (d, JPF = 26.9 
Hz). 19F: δ -209.9 (br s, Ru-F). 13C{1H}: δ  205.3 (dd, JCF = 75.6, JCP = 11.0 Hz, Ru-
CO), 194.7 (d, JCP = 104.1 Hz, NCN), 148.0 (s, C6iPr2H3), 147.8 (s, C6iPr2H3), 137.2 
(NCipso), 124.7 (s, C6iPr2H3), 124.6 (s, C6iPr2H3), 124.2 (s, NCH), 29.7 (s, CH(CH3)2), 
29.6 (s, CH(CH3)2), 27.0 (s, CH(CH3)2), 26.7 (s, CH(CH3)2), 24.0 (s, CH(CH3)2), 23.8 
(s, CH(CH3)2). IR (C6D6, cm-1): 1919 (υCO, Ru(IPr)(PPh3)(CO)HF), 1906 (υCO, 
Ru(IPr)(PPh3)2(CO)HF). 
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5.6.7.2 Synthesis of Ru(IPr)(PPh3)(NCMe)(CO)HF (42) 
 
Ru
OC H
F
PPh3
NN
MeCN
 
 
Ru(IPr)(PPh3)2(CO)H2 (10 mg, 0.01 mmol) was added to an ampoule and dissolved in 
benzene (1 mL). Et3N·3HF (2 mg, 0.01 mmol) was added via syringe and the sample 
stirred at room temperature for 1 h. Residual Et3N·3HF was removed via addition of 
CsF (20 mg, 0.13 mmol) and filtration via cannula. The solvent was stripped under 
vacuum and the solid dissolved in C6D6. Acetonitrile (5.0 µL, 0.10 mmol) was added to 
solution with analysis by NMR spectroscopy showing full conversion to 
Ru(IPr)(PPh3)(NCMe)(CO)HF. 1H NMR (C6D6, 400 MHz, 298 K):δ *3.46 (sept, JHH = 
7.2 Hz, 2H, CH(CH3)2), 3.20 (sept, JHH = 7.2 Hz, 2H, CH(CH3)2), 1.48 (d, JHH = 7.2 Hz, 
6H, CH(CH3)2), 1.42 (d, JHH = 7.2 Hz, 6H, CH(CH3)2), 1.05 (d, JHH = 7.2 Hz, 6H, 
CH(CH3)2), 1.00 (d, JHH = 7.2 Hz, 6H, CH(CH3)2), -13.31 (d, JHP = 23.1 Hz, 1H, Ru-H). 
The presence of free PPh3 prevented assignment of the aromatic region of the 1H 
spectrum. 31P{1H}: δ 44.0 (br d, JPF = 23.4 Hz). 19F: δ -317.5 (br s, Ru-F). 
 
5.6.7.3 Evidence of Ru(IPr)(PPh3)2(CO)HF (43) 
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
In the presence of a total of 2.6 equivalents of PPh3 (5 mg, 0.020 mmol), low 
temperature NMR spectroscopy revealed complete conversion of Ru(IPr)(PPh3)(CO)HF 
(6 mg, 0.008 mmol) to Ru(IPr)(PPh3)2(CO)HF. 1H NMR (C6D5CD3, 400 MHz, 201 K): 
δ 6.68 (s, 1H, NCH), 6.67 (s, 1H, NCH), 4.06 (m, 1H, CH(CH3)2), 3.74 (m, 1H, 
CH(CH3)2), 3.56 (m, 1H, CH(CH3)2), 2.86 (m, 1H, CH(CH3)2), 1.80 (br m, 3H, 
CH(CH3)2), 1.62 (br m, 3H, CH(CH3)2), 1.24 (br m, 3H, CH(CH3)2), 1.18 (br m, 9H, 
CH(CH3)2), 0.97 (br m, 3H, CH(CH3)2), -0.17 (br m, 3H, CH(CH3)2), -5.53 (dd, JHP = 
124.5, JHP = 26.0 Hz, 1H, Ru-H).* The presence of free PPh3 prevented assignment of 
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the aromatic region of the 1H spectrum. 31P {1H}: δ 32.8 (m), 14.9 (m). 19F: δ -369.1 (br 
s, Ru-F). IR (C6D6, cm-1): 1906 (υCO). 
 
5.6.7.4 Synthesis of Ru(IPr)(PPh3)(CO)2HF (45) 
 
Ru
OC
OC H
F
PPh3
NN
 
 
Ru(IPr)(PPh3)2(CO)H2 (0.10 g, 0.09 mmol) was added to an ampoule and dissolved in 
benzene (20 mL). Et3N·3HF (0.02 g, 0.11 mmol) was added via syringe and the sample 
stirred at room temperature for 1 h. Residual Et3N·3HF was removed via addition of 
CsF (0.09 g, 0.57 mmol) and filtration by cannula. The solution was freeze-pump-thaw 
degassed (x3) and 1 atm. of CO was applied. The reaction mixture was stirred at room 
temperature for 10 minutes then reduced in vacuo, washed with hexane (2 x 10 ml) and 
dried under vacuum to give a Ru(IPr)(PPh3)(CO)2HF as a white powder. Yield: 0.70 g 
(88 %). Analysis for C45H54F1N2O2PRu [found (calculated)]: C, 68.14 (68.18); H, 6.44 
(6.33); N, 3.59 (3.38). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.69 (m, 6H, PC6H5), 7.35 
(m, 2H, C6iPr2H3), 7.25 (m, 4H, C6iPr2H3), 6.97 (m, 9H, PC6H5), 6.72 (s, 2H, NCH), 
3.13 (m, 4H, CH(CH3)2), 1.45 (d, JHH = 6.6 Hz, 6H, CH(CH3)2), 1.36 (d, JHH = 6.6 Hz, 
6H, CH(CH3)2), 1.10 (m, 12H, CH(CH3)2), -3.32 (dd, JHP = 22.6, JHF = 7.2 Hz, 1H, Ru-
H). 31P{1H}: δ 40.3 (d, JPF = 21.9 Hz). 19F: δ -403.4 (dd, JFP = 21.9, JFH = 7.2 Hz). 
13C{1H}: δ 203.1 (dd, JCF = 67.1, JCP = 11.0 Hz, Ru-CO), 194.2 (m, Ru-CO), 189.3 (dd, 
JCP = 99.0, JCF = 5.3 Hz, NCN), 148.0 (s, C6iPr2H3), 147.8 (s, C6iPr2H3), 140.0 (s, 
NCipso), 136.6 (d, JCP = 42.5 Hz, PC6H5), 135.2 (d, JCP = 2.1 Hz, PC6H5), 135.1 (d, JCP = 
2.1 Hz, PC6H5), 130.1 (s, C6iPr2H3), 128.7 (d, JCP = 10.1 Hz, PC6H5), 124.8 (s, 
C6iPr2H3), 124.5 (s, C6iPr2H3), 124.5 (s, C6iPr2H3), 29.5 (s, CH(CH3)2), 29.5 (s, 
CH(CH3)2), 26.9 (s, CH(CH3)2), 26.6 (s, CH(CH3)2), 23.8 (s, CH(CH3)2), 23.5 (s, 
CH(CH3)2). IR (nujol, cm-1): 2027 (υCO), 1947 (υCO). 
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5.6.7.5 Synthesis of Ru(IPr)(PPh3)2(CO)H2 (47) 
 
Ru
Ph3P
OC H
H
PPh3
NN
 
 
Ru(PPh3)3(CO)HF (0.40 g, 0.43 mmol) and IPr (0.25 g, 0.64 mmol) were dissolved in 
toluene (30 mL) in an ampoule fitted with a PTFE valve. The reaction mixture was 
heated at 363 K for 6 h, cooled to room temperature and then concentrated under 
vacuum. Hexane was added to the yellow solid and the solution filtered via cannula. 
Et3SiH (0.3 mL, 1.88 mmol) was added to the filtrate, which was then stirred for 1 h at 
room temperature to afford a white precipitate. The reaction mixture was filtered, and 
the solid washed with ethanol (20 mL) and hexane (20 mL) before drying under vacuum 
to yield Ru(IPr)(PPh3)2(CO)H2 as a white powder. Yield 0.14 g (31 %). Analysis for 
C64H68N2OP2Ru [found (calculated)]: C, 73.61 (73.22); H, 6.56 (6.87); N, 2.68 (2.53). 
1H NMR (C6D6, 500 MHz, 298 K): δ 7.66-7.29 (m, 11H, PC6H5), 7.29-7.19 (m, 4H, 
C6iPr2H3), 7.14-7.07 (m, 2H, C6iPr2H3), 7.06-6.83 (m, 16H, PC6H5), 6.81 (d, JHH  = 1.8 
Hz, 1H, NCH), 6.77 (d, JHH  = 1.8 Hz, 1H, NCH), 6.76-6.58 (br m, 3H, PC6H5), 3.50 
(sept, JHH  = 6.8 Hz, 1H, CH(CH3)2), 3.44 (sept, JHH  = 6.8 Hz, 1H, CH(CH3)2), 3.37 
(sept, JHH  = 6.8 Hz, 1H, CH(CH3)2), 2.95 (sept, JHH  = 6.8 Hz, 1H, CH(CH3)2), 1.66 (d, 
JHH  = 6.8 Hz, 3H, CH(CH3)2), 1.14 (d, JHH  = 6.8 Hz, 3H, CH(CH3)2), 1.10 (d, JHH  = 6.8 
Hz, 3H, CH(CH3)2), 1.04 (d, JHH  = 6.8 Hz, 3H, CH(CH3)2), 1.02 (d, JHH  = 6.8 Hz, 3H, 
CH(CH3)2), 0.96 (d, JHH  = 6.8 Hz, 3H, CH(CH3)2), 0.80 (d, JHH  = 6.8 Hz, 3H, 
CH(CH3)2), 0.25 (d, JHH  = 6.8 Hz, 3H, CH(CH3)2), -6.27 (dt, JHP  = 23.7, JHP  = 23.6, JHH 
= 5.6 Hz, 1H, Ru-H), -8.14 (ddd, JHP  = 82.9, JHP  = 31.2, JHH = 5.6 Hz, 1H, Ru-H). 
31P{1H}: δ 57.6 (d, JPP  = 13.7 Hz), 44.6 (d, JPP  = 13.7 Hz). 13C{1H}: δ 205.6 (dd, JCP = 
8.7, JCP = 8.4 Hz, Ru-CO), 202.8 (dd, JCP = 75.8, JCP = 7.6 Hz, NCN), 149.1 (s, 
o-C6iPr2H3), 149.0 (s, o-C6iPr2H3), 146.8 (s, o-C6iPr2H3), 146.5 (s, o-C6iPr2H3), 141.9 (d, 
JCP  = 36.1 Hz, PC6H5), 142.2 (d, JCP  = 36.4 Hz, PC6H5), 140.1 (s, NCipso), 135.3 (d, JCP  
= 11.5 Hz, PC6H5), 130.7 (s, PC6H5), 129.6 (s, PC6H5), 129.0 (s, PC6H5), 128.6 (s, 
PC6H5), 127.9 (d, JCP  = 9.4 Hz, PC6H5), 126.3 (s, C6iPr2H3), 125.6 (s, NCH), 125.6 (s, 
C6iPr2H3), 125.3 (s, C6iPr2H3), 125.2 (s, C6iPr2H3), 125.2 (s, C6iPr2H3), 125.1 (s, 
C6iPr2H3), 125.1 (s, NCH), 30.3 (s, CH(CH3)2), 29.8 (s, CH(CH3)2), 29.6 (s, CH(CH3)2), 
29.5 (s, CH(CH3)2), 27.1 (s, CH(CH3)2), 26.9 (s, CH(CH3)2), 26.8 (s, CH(CH3)2), 26.7 
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(s, CH(CH3)2), 24.3 (s, CH(CH3)2), 23.6 (s, CH(CH3)2), 22.9 (s, CH(CH3)2), 22.8 (s, 
CH(CH3)2). IR (nujol, cm-1): 1947 (υCO). ESI-TOF MS: [M-PPh3-H2+H]+ m/z = 
781.2882 (theoretical m/z = 781.2868). 
 
5.6.7.6 Evidence of Ru(IPr)(PPh3)(CO)2H2 (50) 
 
Ru
OC
OC H
H
PPh3
NN
 
 
Ru(IPr)(PPh3)3(CO)H2 (5 mg, 0.005 mmol) was dissolved in benzene-d6 (0.5 mL) in a J. 
Youngs NMR tube fitted with a PTFE re-sealable valve. The solution was freeze-pump-
thaw degassed (x3) and 1 atm. of CO applied. Analysis of the solution by NMR 
spectroscopy after 1 h at 298 K showed formation of Ru(IPr)(PPh3)(CO)2H2. Selected 
1H NMR (C6D6, 400 MHz, 298 K): δ * 2.96 (sept, JHH = 7.1 Hz, 4H CH(CH3)2), 1.39 (d, 
JHH = 7.1 Hz, 12H, CH(CH3)2), 1.10 (d, JHH = 7.1 Hz, 12H, CH(CH3)2), -6.61 (d, JHP = 
26.4 Hz, 2H, Ru-H).* The presence of free PPh3 prevented assignment of the aromatic 
region of the 1H spectrum. 31P{1H}: δ 61.7 (s). 
 
5.6.7.7 Synthesis of Ru(IPr)(PPh3)(CO)3 (53) 
 
OC Ru
CO
CO
PPh3
NN
 
 
Ru(IPr)(PPh3)3(CO)H2 (0.50 g, 0.48 mmol) was dissolved in benzene (10 mL) and 
freeze-pump-thaw-degassed (x3). 1 atm. of CO was applied and the reaction left at 
room temperature for 16 h. The solution was reduced in vacuo and washed with hexane 
(2 x 10 mL) to yield Ru(IPr)(PPh3)(CO)3 as a colourless solid. Yield: 0.36 g (90 %). 
Crystals suitable for analysis by X-ray crystallography were obtained by layering a 
benzene solution with hexane. Analysis for C48H51N2O3PRu [found (calculated)]: C, 
68.96 (68.63); H, 6.15 (6.20); N, 3.35 (3.26). 1H NMR (C6D6, 400 MHz, 298 K): δ 7.57 
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(m, 5H, PC6H5), 7.26-7.02 (m, 6H, C6iPr2H3), 6.99-6.80 (m, 10H, PC6H5), 6.58 (s, 2H, 
NCH), 2.92 (sept, JHH = 6.9 Hz, 4H, CH(CH3)2, 1.47 (d, JHH = 6.9 Hz, 12H, CH(CH3)2), 
1.01 (d, JHH = 6.9 Hz, 12H, CH(CH3)2). 31P{1H}: δ 58.6 (s). 13C{1H}: δ 211.5 (d, JCP = 
17.3 Hz, Ru-CO), 190.6 (d, JCP = 65.5 Hz, NCN), 147.7 (s, CCH(CH3)2), 140.0 (s 
CCH(CH3)2), 139.0 (s, NCipso), 137.7 (d, JCP = 46.0 Hz, PC6H5), 134.9 (d, JCP = 11.4 
Hz, PC6H5), 131.2 (s, C6iPr2H3), 130.2 (d, JCP = 2.0 Hz, PC6H5), 128.6 (d, JCP = 10.1 
Hz, PC6H5), 125.2 (s, C6iPr2H3), 125.2 (s, C6iPr2H3), 125.1 (s, NCH), 29.7 (s, 
CH(CH3)2), 26.6 (s, CH(CH3)2), 23.6 (s, CH(CH3)2). IR (C6D6, cm-1): 1870 (υCO).  
 
5.6.7.8 Synthesis of Ru(IPr)(PPh3)(C5D5N)(CO)H2 (56) 
 
Ru
OC H
H
PPh3
NN
N
D5  
 
Ru(IPr)(PPh3)2(CO)H2 (10 mg, 0.01 mmol) was dissolved in pyridine-d5 in a J. Youngs 
NMR tube fitted with a re-sealable PTFE valve. The bright yellow solution was 
analysed by NMR spectroscopy which showed full conversion to 
Ru(IPr)(PPh3)(C5D5N)(CO)H2. 1H NMR (pyridine-d5, 500 MHz, 298 K): δ * 3.37 (br 
sept, JHH = 6.5 Hz, 2H, CH(CH3)2), 3.23 (br sept, JHH = 6.5 Hz, 2H, CH(CH3)2), 1.37 (br 
d JHH = 6.5 Hz, 6H, CH(CH3)2), 1.16 (br d, JHH = 6.5 Hz, 18H, CH(CH3)2), -4.10 (dd, 
JHP = 30.2, JHH = 7.1 Hz, 1H, Ru-H), -15.02 (dd, JHP = 24.8, JHH = 7.1 Hz, 1H, Ru-H). * 
The presence of free PPh3 prevented assignment of the aromatic region of the 1H 
spectrum. 31P{1H}: δ 69.5 (s).  
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5.6.7.9 Synthesis of Ru(IPr)(PPh3)(C5D5N)(CO)HF (57) 
 
Ru
OC H
F
PPh3
NN
N
D5  
 
Ru(IPr)(PPh3)2(CO)H2 (10 mg, 0.01 mmol) was added to an ampoule and dissolved in 
benzene (1 mL). Et3N·3HF (2 mg, 0.01 mmol) was added via syringe and the sample 
stirred at room temperature for 1 h. CsF (20 mg, 0.13 mmol) was added and the reaction 
stirred for 1 h at 298 K, before filtration via cannula. The solution was stripped under 
vacuum, and the solid dissolved in pyridine-d5. Full conversion to 
Ru(IPr)(PPh3)(C5D5N)(CO)HF was confirmed by NMR spectroscopy. 1H NMR 
(pyridine-d5, 400 MHz, 298 K): δ *3.60 (sept, JHH = 7.0 Hz, 2H, CH(CH3)2), 3.40 (sept, 
JHH = 7.0 Hz, 2H, CH(CH3)2), 1.53 (d, JHH = 7.0 Hz, 6H, CH(CH3)2), 1.34 (d, JHH = 7.0 
Hz, 6H, CH(CH3)2), 1.19 (d, JHH = 7.0 Hz, 6H, CH(CH3)2), 1.15 (d, JHH = 7.0 Hz, 6H, 
CH(CH3)2), -11.47 (d, JHP = 23.5 Hz, 1H, Ru-H). * The presence of free PPh3 prevented 
assignment of the aromatic region of the 1H spectrum. 31P{1H}: δ 40.4 (br d, JPF = 22.9 
Hz). 19F: δ -303.4 (br s, Ru-F). 
 
5.6.7.10 Evidence of Ru(IPr)(PPh3)(CO)(C6F4CF3)H (59) 
 
Ru
OC H
PPh3
NN
F
F
CF3
F
F
 
 
Ru(IPr)(PPh3)2(CO)H2 (10 mg, 0.01 mmol) was dissolved in THF-d6 (1 mL) in a 
J. Youngs NMR tube fitted with a re-sealable PTFE valve. 2,3,5,6-C6F4CF3H (7.5 µL, 
0.05 mmol) was added to the reaction mixture which was heated at 343 K for 2 h. 
Analysis of the solution by NMR spectroscopy showed conversion of 60  % of the 
ruthenium material to Ru(IPr)(PPh3)(CO)(C6F4CF3H)H. Selected 1H NMR (THF-d8, 
500 MHz, 298 K): δ -25.83 (dt, JHP = 24.0, JHF = 6.0 Hz, 1H, Ru-H). 31P{1H}: δ 55.0 (s). 
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19F: δ -57.6 (t, JFF = 21.7 Hz, 3F, CF3), -111.1 (m, 1F, o-F), -117.6 (m, 1F, o-F), -146.3 
(m, 1F, m-F), -148.6 (m, 1F, m-F). 
 
5.6.7.11 Evidence of Ru(IPr)(PPh3)(CO)(C5F4N)H (60) 
 
Ru
OC H
PPh3
NN
N
F
F
F
F
 
 
Ru(IPr)(PPh3)2(CO)H2 (10 mg, 0.01 mmol) was dissolved in THF-d6 (1 mL) in a 
J. Youngs NMR tube fitted with a PTFE valve. 2,3,5,6-C5F4HN (4.8 µL, 0.05 mmol) 
was added to the solution with NMR spectroscopy after 6 h showing that 10 % of 
ruthenium material was Ru(IPr)(PPh3)(CO)(C5F4N)H. Selected 1H NMR (THF-d8, 500 
MHz, 298 K): δ -25.62 (br d, JHP = 23.5, 1H, Ru-H). 31P{1H}: δ 47.0 (s). 19F: δ -101.7 
(m, 1F), -103.6 (m, 1F), -115.5 (m, 1F), -120.4 (m, 1F). 
 
5.6.8 Syntheses of Ru-SIPr complexes 
 
5.6.8.1 Synthesis of Ru(SIPr)(PPh3)(CO)HF (41) 
 
Ru
OC H
F
PPh3
NN
 
 
A toluene (20 mL) solution of Ru(PPh3)3(CO)HF (0.10 g, 0.10 mmol) was heated with 
SIPr·C6F5-H (0.16 g, 0.29 mmol) in an ampoule fitted with a PTFE valve at 393 K for 
16 h. NMR spectroscopy revealed full conversion to Ru(SIPr)(PPh3)(CO)HF. An 
alternative and cleaner route involved addition of Et3N·3HF (0.01 g, 0.06mmol) to a 
solution of Ru(SIPr)(PPh3)2(CO)H2 (0.05 g, 0.05 mmol) in benzene (10 mL). The 
solution was agitated at ambient temperature for 1 h before addition of CsF (0.04 g, 
0.29 mmol) and filtration by cannula. The solution was then reduced in vacuo, 
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re-dissolved in minimum C6D6 and transferred to a J. Youngs re-sealable NMR tube for 
characterization. Selected 1H NMR (C6D6, 500 MHz, 298 K):* δ 3.83 (sept, JHH = 6.7 
Hz, 2H, CH(CH3)2), 3.66 (s, 4H, NCH2), 3.57 (sept, JHH = 6.7 Hz, 2H, CH(CH3)2), 1.61 
(d, JHH = 6.7 Hz, 6H, CH(CH3)2), 1.40 (d, JHH = 6.7 Hz, 6H, CH(CH3)2), 1.24 (d, JHH = 
6.7 Hz, 6H, CH(CH3)2), 1.18 (d, JHH = 6.7 Hz, 6H, CH(CH3)2), -23.80 (d, JHP = 23.8 Hz, 
1H, Ru-H).* The presence of free PPh3 prevented assignment of the aromatic region of 
the 1H spectrum. 31P{1H}: δ 38.3 (d, JPF = 26.1 Hz). 19F: δ -217.1 (br d, JFP = 24.8 Hz, 
Ru-F). 13C{1H}: δ 219.9 (d, JCP = 97.6 Hz, NCN), 204.9 (br d, JCF = 75.8 Hz, Ru-CO), 
149.0 (s, C6iPr2H3), 149.2 (s, C6iPr2H3), 137.4 (N-Cipso), 125.3 (s, C6iPr2H3), 125.2 (s, 
C6iPr2H3), 54.6 (s, NCH2), 54.5 (s, NCH2), 29.7 (s, CH(CH3)2), 29.5 (s, CH(CH3)2), 27.3 
(s, CH(CH3)2), 27.1 (s, CH(CH3)2), 24.9 (s, CH(CH3)2), 24.7 (s, CH(CH3)2). IR (C6D6, 
cm-1): 1922 (υCO, Ru(SIPr)(PPh3)(CO)HF), 1907 (υCO, Ru(SIPr)(PPh3)2(CO)HF).  
 
5.6.8.2 Synthesis of Ru(SIPr)(PPh3)2(CO)HF (44)  
 
Ru
Ph3P
OC H
F
PPh3
NN
 
 
In the presence of a total of 2.6 equivalents of PPh3 (5 mg, 0.019 mmol), a solution of 
Ru(SIPr)(PPh3)(CO)HF (6 mg, 0.007 mmol) was transformed into a 50:50 mixture of 
Ru(SIPr)(PPh3)(CO)HF and Ru(SIPr)(PPh3)2(CO)HF as shown by low temperature 
NMR spectroscopy. Selected NMR data for Ru(SIPr)(PPh3)2(CO)HF. 1H NMR (400 
MHz, C6D5CD3, 201 K): δ -5.71 (dd, JHP = 121.5, JHP = 24.9 Hz, Ru-H). 31P{1H}: 
δ 30.8 (m), 15.5 (m). 19F: δ -367.0 (br s, Ru-F). IR (C6D6, cm-1): 1907 (υCO). 
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5.6.8.3 Synthesis of Ru(SIPr)(PPh3)(CO)2HF (46) 
 
Ru
OC
OC H
F
PPh3
NN
 
 
To a suspension of Ru(SIPr)(PPh3)(CO)H2 (0.15 g, 0.14 mmol) in benzene was added 
Et3N·3HF (0.03 g, 0.17 mmol). The solution was stirred for 1 h at room temperature 
before addition of CsF (0.13 g, 0.86 mmol) and agitation for a further hour. The 
resulting yellow solution was then filtered by cannula into an ampoule and freeze-
pump-thaw degassed (x3). One atmosphere of CO was applied and the solution stirred 
at room temperature for 10 minutes. The now almost colourless solution was reduced in 
vacuo, washed with hexane (2 x 10 mL) and dried under vacuum to yield a 
Ru(SIPr)(PPh3)(CO)2HF as a colourless solid. Yield: 0.9 g (76 %). Analysis for 
C45H54F1N2O2PRu [found (calculated)]: C, 68.45 (68.42); H, 6.90 (6.89); N, 3.15 (3.55). 
1H NMR (C6D6, 400 MHz, 298 K): δ 7.62 (m, 6H, PC6H5), 7.32 (m, 2H, C6iPr2H3), 7.25 
(m, 4H, C6iPr2H3) 7.06-6.94 (m, 9H, PC6H5), 3.68 (m, 4H, NCH2), 3.53 (m, 4H, 
CH(CH3)2), 1.50 (d, JHH = 6.6 Hz, 6H, CH(CH3)2), 1.47 (d, JHH = 6.6 Hz, 6H, 
CH(CH3)2), 1.23 (d, JHH = 7.1 Hz, 6H, CH(CH3)2), 1.21 (d, JHH = 7.1 Hz, 6H, 
CH(CH3)2), -3.51 (dd, JHP = 23.4, JHF = 7.8 Hz, 1H, Ru-H). 31P{1H}: δ 39.8 (d, JPF = 
24.4 Hz). 19F: δ -404.5 (br d, JFP = 24.4 Hz, Ru-F). 13C{1H}: δ 214.7 (d, JCP = 93.8 Hz, 
NCN), 202.7 (dd, JCF = 65.6, JCP = 10.1 Hz, Ru-CO), 194.1 (m, Ru-CO),  148.7 (s, 
C6iPr2H3), 148.7 (s, C6iPr2H3), 140.5 (s, NCipso), 136.4 (d, JCP = 41.5 Hz, PC6H5), 135.2 
(d, JCP = 11.1 Hz, PC6H5), 134.9 (d, JCP = 19.9 Hz, PC6H5), 130.2 (d, JCP = 16.6 Hz, 
C6iPr2H3), 129.5 (d, JCP = 8.1 Hz, PC6H5), 128.8 (d, JCP = 10.3 Hz, PC6H5), 125.6 (s, 
C6iPr2H3), 125.4 (s, C6iPr2H3), 54.0 (s, NCH2), 54.0 (s, NCH2) 29.5 (s, CH(CH3)2), 29.5 
(s, CH(CH3)2), 27.1 (s, CH(CH3)2), 26.9 (s, CH(CH3)2), 24.7 (s, CH(CH3)2), 24.3 (s, 
CH(CH3)2). IR (cm-1): 2025 (υCO), 1962 (υCO), 1920 (υRu-H). 
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5.6.8.4 Synthesis of Ru(SIPr)(PPh3)2(CO)H2 (48) 
 
Ru
Ph3P
OC H
H
PPh3
NN
 
 
Ru(PPh3)3(CO)HF (0.13 g, 0.14 mmol) and SIPr·C6F5-H (0.23 g, 0.41 mmol) were 
dissolved in toluene (20 mL) in an ampoule fitted with a PTFE tap and the solution 
refluxed at 393 K for 16 h. The reaction mixture was subsequently reduced to dryness 
and hexane (20 mL) added. The solution was subjected to cannula filtration, and Et3SiH 
(0.10 mL, 0.63 mmol) added to the filtrate. After stirring for 1 h at room temperature, 
the mixture was filtered and the light green solid washed with EtOH (20 mL) and 
hexane (20 mL). Upon drying, Ru(SIPr)(PPh3)2(CO)H2 was isolated as a white solid. 
Yield 0.04 g (27 %). Analysis for C64H70N2OP2Ru [found (calculated)]: C, 73.16 
(73.47); H, 6.97 (6.73); N, 2.47 (2.68). 1H NMR (C6D6, 500 MHz, 298 K): δ 7.80 (m, 
2H, PC6H5), 7.46-7.20 (m, 13H, PC6H5 + C6iPr2H3), 7.13-7.00 (m, 4H, PC6H5 + 
C6iPr2H3), 6.99-6.78 (m, 13H, PC6H5 + C6iPr2H3) 6.72 (m, 2H, PC6H5), 6.61 (m, 2H, 
PC6H5), 4.00 (sept, JHH  = 6.7 Hz, 1H, CH(CH3)2), 3.95-3.64 (m, 6H, CH(CH3)2 + 
NCH2), 2.99 (sept, JHH  = 6.7 Hz, 1H, CH(CH3)2), 1.72 (d, JHH  = 6.7 Hz, 3H, 
CH(CH3)2), 1.26 (d, JHH  = 6.7 Hz, 3H, CH(CH3)2), 1.21 (d, JHH  = 6.7 Hz, 3H, 
CH(CH3)2), 1.17 (d, JHH  = 6.7 Hz, 3H, CH(CH3)2), 1.15 (d, JHH  = 6.7 Hz, 3H, 
CH(CH3)2), 0.97 (d, JHH  = 6.7 Hz, 3H, CH(CH3)2), 0.69 (d, JHH  = 6.7 Hz, 3H, 
CH(CH3)2), 0.32 (d, JHH  = 6.7 Hz, 3H, CH(CH3)2), -6.47 (ddd, JHP  = 25.4, JHP  = 20.4, 
JHH = 4.8 Hz, 1H, Ru-H), -8.40 (ddd, JHP  = 77.2, JHP  = 32.3, JHH = 4.8 Hz, 1H, Ru-H). 
31P{1H}: δ 55.2 (d, JPP  = 16.0 Hz), 44.5 (d, JPP  = 16.0 Hz). 13C{1H}: δ 231.3 (dd, JCP = 
72.2, JCP = 5.9 Hz, NCN), 205.7 (dd, JCP = 8.6, JCP = 7.9 Hz, Ru-CO), 149.2 (s, 
o-C6iPr2H3), 148.6 (s, o-C6iPr2H3), 148.5 (s, o-C6iPr2H3), 148.2 (s, o-C6iPr2H3), 143.9 (s, 
NCipso) 141.7 (s, NCipso), 141.6 (d, JCP = 24.3 Hz, PC6H5), 139.5 (d, JCP = 31.4 Hz, 
PC6H5), 136.4 (d, JCP = 12.7 Hz, PC6H5), 136.4 (d, JCP = 11.3 Hz, PC6H5), 135.3 (d, JCP 
= 11.1 Hz, PC6H5), 134.6 (d, JCP = 11.9 Hz, PC6H5), 129.8 (d, JCP = 11.9 Hz, PC6H5), 
128.2 (d, JCP = 8.9 Hz, PC6H5), 127.9 (d, JCP = 8.5 Hz, PC6H5), 127.5 (d, JCP  = 9.0 Hz, 
PC6H5), 126.1 (s, C6iPr2H3), 125.8 (s, C6iPr2H3), 125.6 (s, C6iPr2H3), 125.1 (s, C6iPr2H3), 
55.5 (s, NCH2), 54.5 (s, NCH2), 30.0 (s, CH(CH3)2), 29.9 (s, CH(CH3)2), 29.6 (s, 
CH(CH3)2), 29.5 (s, CH(CH3)2), 27.6 (s, CH(CH3)2), 27.3 (s, CH(CH3)2), 27.2 (s, 
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CH(CH3)2), 27.0 (s, CH(CH3)2), 25.4 (s, CH(CH3)2), 24.3 (s, CH(CH3)2), 24.1 (s, 
CH(CH3)2), 23.4 (s, CH(CH3)2). IR (nujol, cm-1): 1953 (υCO). 
 
5.6.8.5 Evidence of Ru(SIPr)(PPh3)(CO)2H2 (51) 
 
Ru
OC
OC H
H
PPh3
NN
 
 
Ru(SIPr)(PPh3)3(CO)H2 (5 mg, 0.005 mmol) was dissolved in benzene-d6 (0.5 mL) in a 
J. Youngs re-sealable NMR tube. The solution was freeze-pump-thaw degassed (x3) 
and 1 atm. of CO applied. Analysis by NMR spectroscopy after 1 h at 298 K showed 
formation of Ru(SIPr)(PPh3)(CO)2H2. Selected 1H NMR (C6D6, 400 MHz, 298 K): δ * 
3.57 (s, 4H, NCH2), 3.46 (sept, JHH = 7.2 Hz, 4H, CH(CH3)2), 1.63 (d, JHH = 7.2 Hz, 
12H, CH(CH3)2), 1.20 (d, JHH = 7.2 Hz, 12H, CH(CH3)2), -6.75 (d, JHP = 26.5 Hz, 2H, 
Ru-H).* The presence of free PPh3 prevented assignment of the aromatic region of the 
1H spectrum. 31P{1H}: δ 60.8 (s). 
 
5.6.8.6 Synthesis of Ru(SIPr)(PPh3)(CO)3 (54) 
 
OC Ru
CO
CO
PPh3
NN
 
 
Ru(SIPr)(PPh3)3(CO)H2 (0.50 g, 0.48 mmol) was dissolved in benzene (1 mL) and 
freeze-pump-thaw degassed (x3). 1 atm. of CO was applied and the reaction left at room 
temperature for 16 h. The solution was reduced in vacuo, washed with hexane 
(2 x 2 mL) and dried under vacuum to yield Ru(SIPr)(PPh3)(CO)3 as a colourless solid. 
Yield: 0.33 g (82 %). Crystals suitable for analysis by X-ray crystallography were 
obtained from layering a benzene solution with hexane. Analysis for C48H53N2O3PRu 
[found (calculated)]: C, 68.80 (68.73); H, 6.37 (6.38); N, 3.34 (3.29). 1H NMR (C6D6, 
400 MHz, 298 K): δ 7.61-7.53 (m, 6H, PC6H5), 7.23-7.11 (m, 6H, C6iPr2H3), 6.95-6.81 
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(m, 9H, PC6H5),  3.53 (s, 4H, NCH2), 3.41 (sept, JHH = 6.8 Hz, 4H, CH(CH3)2, 1.57 (d, 
JHH = 6.8 Hz, 12H, CH(CH3)2), 1.14  (d, JHH = 6.8 Hz, 12H, CH(CH3)2). 31P{1H}: δ 59.8 
(s). 13C{1H}: δ 219.4 (d, JCP = 63.3 Hz, NCN), 211.52 (d, JCP = 16.9 Hz, Ru-CO),  148.8 
(s, CCH(CH3)2) 140.0 (s, NCipso), 137.5 (d, JCP = 45.2 Hz, PC6H5), 134.8 (d, JCP = 11.2 
Hz, PC6H5), 130.5 (s, C6iPr2H3), 130.2 (d, JCP = 1.8 Hz, PC6H5), 128.6 (d, JCP = 10.2 
Hz, PC6H5), 125.6 (s, C6iPr2H3), 54.4 (s, NCH2), 54.4 (s, NCH2), 29.6 (s, CH(CH3)2),  
26.9 (s, CCH3), 24.5 (s, CCH3). IR (C6D6, cm-1): 1872 (υCO).  
 
5.7 Catalytic hydrodefluorination procedures 
 
The general procedure for the catalytic HDF of fluoroarenes for which TON and 
selectivity are reported, involved the addition of fluoroarene (0.1 M), R3SiH (0.2 M), 
and catalyst [Ru] (0.01 M) to a re-sealable J. Youngs NMR tube containing 0.45 mL of 
the desired solvent (THF, toluene, benzene and pyridine). The mixture was calibrated 
by 19F NMR spectroscopy (relaxation delay (d1) of 20 s) against an external standard of 
α,α,α-trifluorotoluene. The external standard was removed and the reaction mixture 
heated at the desired temperature for a period of 19.75 h (unless otherwise stated), after 
which time the external standard was re-inserted and the solution analysed by 19F NMR 
spectroscopy. Percentage conversions were then calculated relative to the initial 19F 
NMR spectra. n.b. For fluoroarenes that reacted at 298 K, the initial 19F NMR spectra 
were recorded before the addition of catalyst [Ru].  
 
The general procedure for HDF reactions in which the initial rate of reaction was 
monitored, involved the addition of fluoroarene (0.1 M), R3SiH (0.1 M), catalyst [Ru] 
(0.01 M) and α,α,α-trifluorotoluene (0.08 M) to a re-sealable J. Youngs NMR tube 
containing 0.45 mL of the desired solvent (THF, toluene and benzene). The mixture was 
calibrated by 19F NMR spectroscopy (relaxation delay (d1) of 20 s) against the internal 
standard of α,α,α-trifluorotoluene. The NMR tube was removed from the NMR 
spectrometer and the spectrometer calibrated to the desired temperature. The NMR tube 
was re-inserted with the first spectrum recorded after 5 minutes. Further 19F NMR 
spectra were then recorded at 1 hour intervals, with conversions calculated by 
comparison to the initial 19F NMR spectra recorded at 298 K.  
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5.8 Fluoroarenes 
 
5.8.1 Fluorobenzenes 
 
5.8.1.1 Hexafluorobenzene 
F
F
F
F
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -163.0 (s, 6F) 
 
5.8.1.2 Pentafluorobenzene 
H
F
F
F
F
F
 
 
1H NMR (C6D6, 400 MHz, 298 K): δ  5.80 (m, 1H). 19F: δ -139.2 (m, 2F, o-F), -154.2 (t, 
JFF = 21.1 Hz, 1F, p-F), -162.4 (m, 2F, m-F). 
 
5.8.1.3 Pentafluorobenzene-d1  
D
F
F
F
F
F
 
 
19F NMR (C6D6, 376 MHz, 298 K): δ -139.5 (m, 2F, o-F), -154.2 (t, JFF = 21.1 Hz, 1F, 
p-F), -162.4 (m, 2F, m-F). 
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5.8.1.4 1,2,4,5-tetrafluorobenzene 
H
F
F
H
F
F
 
 
1H NMR (C6D6, 400 MHz, 298 K): δ 6.13 (quin, JHF = 9.0 Hz, 2H). 19F: δ -139.6 (t, JHF 
= 9.0 Hz, 4F). 
 
5.8.1.5 1,2,3,4-tetrafluorobenzene 
H
H
F
F
F
F
 
 
1H NMR (C6D6, 400 MHz, 298 K): δ  5.96 (m, 2H). 19F: δ -139.8 (m, 2F, o-F), -156.3 
(m, 2F, m-F). 
 
5.8.1.6 1,2,3,4-tetrafluorobenzene-d2
D
D
F
F
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -140.1 (m, 2F, o-F), -156.3 (m, 2F, m-F). 
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5.8.2 Fluorotoluenes 
 
5.8.2.1 Octafluorotoluene 
CF3
F
F
F
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -58.7 (t, JFF = 22.1 Hz, 3F, CF3), -143.7 (m, 2F, 
o-F), -151.0 (m, 1F, p-F), -163.6 (m, 2F, m-F).  
 
5.8.2.2 2,3,4,5-tetrafluorobenzotrifluoride 
CF3
H
F
F
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -63.4 (d, JFF = 14.0 Hz, 3F, CF3), -140.3 (m, 
1F, F), -144.3 (m, 1F, F), -152.3 (m, 1F, F), -156.5 (m, 1F, F). 
 
5.8.2.3 2,3,5,6-tetrafluorobenzotrifluoride 
CF3
F
F
H
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -59.2 (t, JFF = 21.0 Hz, 3F, CF3), -140.0 (m, 2F, 
F), -144.3 (m, 2F, F). 
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5.8.2.4 2,3,6-trifluorobenzotrifluoride 
CF3
F
H
H
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -59.3 (t, JFF = 22.1 Hz, 3F, CF3), -117.3 (m, 1F, 
F), -138.4 (m, 1F, F), -143.4 (m, 1F, F). 
 
5.8.3 Fluoropyridines18 
 
5.8.3.1 Pentafluoropyridine 
N F
F
F
F
F
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -91.2 (br s, 2F, o-F), -137.3 (m, 1F, p-F), (m, 
2F, m-F).   
 
5.8.3.2 2,3,4,5-tetrafluoropyridine 
N H
FD
FC
FB
FA
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -88.0 (m, 1F, FA), -145.0 (m, 1F, FC), -153.0 
(m, 1F, FD), -162.3 (m, 1F, FB). 
 
5.8.3.3 2,3,5,6-tetrafluoropyridine 
N FA
FB
H
FB
FA
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -95.3 (m, 2F, FA), -143.5 (m, 2F, FB).  
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5.8.3.4 2,3,4,6-tetrafluoropyridine 
N FD
H
FC
FB
FA
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -72.0 (m, 1F, FD), -89.1 (m, 1F, FA), -118.0 (m, 
1F, FB), -172.5 (m, 1F, FC). 
 
5.8.3.5 2,3,5-trifluoropyridine 
N H
FC
H
FB
FA
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -93.8 (m, 1F, FA), -131.0 (m, 1F, FC), -138.4 
(m, 1F, FB). 
 
5.8.3.6 3,4,5-trifluoropyridine 
N H
FA
FB
FA
H
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -152.8 (m, 2F, FA), -155.0 (m, 1F, FB). 
 
5.8.3.7 2,3,4-trifluoropyridine 
N FA
FB
FC
H
H
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -76.8 (m, 1F, FA), -91.3 (m, 1F, FB), -150.3 (m, 
1F, FC). 
 
222 
Chapter 5  Experimental 
5.8.3.8 3,4-difluoropyridine 
 
N H
H
FB
FA
H
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -126.5 (m, 1F, FB), -169.2 (m, 1F, FA). 
 
5.8.3.9 2,3-difluoropyridine 
N FA
FB
H
H
H
 
 
19F NMR (THF-d8, 376 MHz, 298 K): δ -76.0 (m, 1F, FA), -136.5 (m, 1F, FB). 
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